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ABSTRACT 
The measurement of the CO2 flux exhaled from the soils is a delicate operation 
because of unavoidable errors caused by the measuring apparatus that disturbs both the soil 
and the gases circulation. Several methods have been developed in order to perform accurate 
measurements of soil CO2 flux. The methods used most widely to measure the emission of 
CO2 from the soil to the atmosphere in volcanic and geothermal areas are the dynamic method 
(Gurrieri & Valenza 1988) and the accumulation chamber method (Baubron et al., 1990; 
Tonani and Miele., 1991). The flux measurements performed using the dynamic method can 
be influenced by soil permeability and by the rate of the sampling pump. The accumulation 
chamber measurements can also be affected by several problems such as wind speed, 
pumping flux, valuation of tangent at t = 0 of the [CO2]→ t plot, etc. A laboratory apparatus 
able to simulate different flux regimens, under known conditions, has been developed and was 
used to test the performance and reliability of these two methods. The investigated fluxes fell 
within the range of values close to soil respiration up to those normally measured in active 
volcanic and geothermal areas. The correct functioning of the laboratory apparatus was 
checked by comparing the experimental steady state concentration profiles with those 
predicted by the advective-diffusion model. As can be inferred from the data obtained, the 
flux measurements performed using the dynamic method are significantly influenced by soil 
permeability especially if the measurements are taken at high pumping flux. An empirical 
equation for performing careful soil CO2 flux measurements as a function of the soil 
permeability was obtained by fitting experimental data to a model that explained the 
functioning of the system. In order to measure in situ soil permeability, a new method based 
on the theory of radial gas advection through an isotropic porous medium was developed. The 
method was tested in the laboratory and at several locations on the island of Vulcano (Aeolian 
Islands, Italy).  
Tests performed on the accumulation chamber method have highlighted several sources of 
errors in measuring CO2 flux with this method. The magnitude and sign of the obtained errors 
depend on the imposed flux, on soil permeability and on the rate used to induce air circulation 
in the close loop of the system.  
Permeability measurements were performed with the radial gas advection method over 
a large sector of the island of Vulcano (Aeolian Islands, Italy) and the results compared with 
soil CO2 fluxes measured at the same sites using the dynamic method. Based on the results, 
the influence of soil permeability on the flux measurements and on their spatial distribution 
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was assessed. Finally, the dynamic method was also applied to a seismic area of Sicily (Capo 
Calavà) in order to study the relationships between soil degassing and tectonics.
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Chapter 1 
Introduction 
Measuring of gaseous emissions from the soil to the atmosphere has been widely 
effected in many branches of science e.g., agriculture, ecology, volcanic and seismic 
geochemistry. During quiescent periods, active volcanoes release large amounts of fluids as 
both visible emissions (fumaroles and hot springs) and non-visible emissions (diffuse soil gas 
emissions). Changes in the amount of fluids discharged in volcanic areas can be related to the 
level of volcanic activity and the movement of magma beneath the volcanic edifice (Allard et 
al., 1987, 1991; Badalamenti et al., 1988, 1991; Baubron et al., 1990; Chiodini et al., 1995; 
Gerlach et al., 2001; Giammanco et al., 1998; Carapezza and Federico, 2000; Chiodini and 
Frondini, 2001; Hernández et al., 2001; Toshiya et al., 2001; Diliberto et al., 2002).  
Furthermore, soil gas are widely used in other several research fields such as 
earthquakes forecasting, gas hazard and geochemical explorations of active faults 
(Badalamenti et al., 1988; Ciotoli et al., 1998; Giammanco et al., 1998; Guerra and Lombardi, 
2001; Rogie at al., 2001; Spicák and Horálek, 2001). A soil degassing map of the carbon 
dioxide of central and southern Italy has recently been presented (Chiodini et al; 2000, 2004). 
This map indicates the presence, in western Italy (close to the Tyrrhenian Sea), of two 
extensive anomalous areas bound to the east by the highly seismic zone of the Apennine 
Chain. As shown by Irwin and Barnes (1980), the spatial association of areas characterized by 
anomalous degassing and zones of seismicity and of high tectonic stress is not casual. In fact, 
fluids often play an important role in fault mechanisms and in the triggering of earthquakes 
(Wakita, 1996; Noorishad and Witherspoon, 1984/85, Spicák and Horálek, 2001; Salazar et 
al., 2002). Over-pressurized fluids stored in deep reservoirs can cause additional stress to host 
rocks and trigger seismicity (Zhao et al., 1996). 
The study of diffuse soil gas emissions in geothermal and volcanic areas has focused 
on CO2 because it is usually the most abundant volatile species in magma after water and it is 
the first species that exsolves (Symonds et al., 1994; Giggenbach, 1996). CO2 flux 
measurements can be performed utilizing both indirect and direct methods. The first comprise 
measuring the concentration of CO2 at different depths in the soil (Baubron et al. 1990). In 
this case the flux values are calculated in accordance with a one-dimensional steady state 
model of gas transport through a homogeneous porous medium. The employment of these 
methods is actually very limited because the measurement of soil CO2 concentration is neither 
fast nor simple and moreover these methods also require the accurate measurement of soil 
properties (i.e., air filled porosity, tortuosity and permeability). Therefore, several indirect 
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methods have been developed to perform more accurate and rapid flux measurements. Some 
of these methods are based on the absorption of CO2 in a caustic solution (alkali adsorption 
methods, Witkamp, 1966; Kirita, 1971; Anderson, 1973). Other methods are based on the 
measurement of the difference in CO2 concentrations between inlet and outlet air in a closed 
chamber (open flow infra-red gas analysis, Witkamp and Frank, 1969; Nakaday et al., 1993). 
Actually, the methods most used to measure soil CO2 fluxes in volcanic and geothermal areas 
are those of the accumulation chamber (Tonani and Miele, 1991; Bekku et al., 1995; Norman 
et al., 1992; Chiodini et al., 1998) and the dynamic method (Gurrieri and Valenza, 1988). The 
first is based on a theoretical relationship between soil CO2 flux and the rate of increase in the 
CO2 concentration inside an inverted chamber placed on the surface of the soil. The second is 
based on CO2 content in a mixture of air and soil gas (dynamic concentration, Cd) sampled 
using a special probe inserted in the soil up to the depth of 50 cm (see Figure 4.1). As 
deducted by Gurrieri and Valenza (1988) this concentration is proportional to the soil CO2 
flux through an empirical relationship found experimentally in a laboratory for a flux range of 
441-9,159 g m-2 day-1 (= 2.610-6- 5.410-5 m3 m-2 s-1) and a soil with a permeability of 24 
darcys.  
The error in the flux measurements referred to conditions different from those used in the 
laboratory, such as different soil permeability, was not known. Starting from these 
considerations, a new apparatus intended to simulate a natural degassing system under known 
conditions was developed in the laboratory. We utilized this apparatus to clarify the influence 
of soil permeability on the relationship used to calculate soil CO2 flux with the dynamic 
method. The investigated range of soil CO2 flux (97–22,050 g m-2 day-1) was wider than that 
investigated on the past while it covers the range of fluxes normally encountered in volcanic 
and geothermal areas. Furthermore, the permeability of the media utilized in the laboratory 
experiences was varied by about three orders of magnitude (0.36-125 darcys), from low, to 
high permeability Also some important characteristics of measurement system (as the 
pumping flux) were systematically changed during these laboratory experiments, in order to 
define the best operating conditions to measure CO2 flux from the soil with the dynamic 
method and to deduce a new empirical relationship for making accurate measurement of soil 
CO2 flux as function of dynamic concentration and of the soil permeability. As consequence, 
a new method to measure in situ soil permeability based on the theory of the radial gas 
advection through homogeneous porous media, was developed and tested in the field. 
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The laboratory apparatus developed in this thesis was also used to asses the performance and 
reliability of soil CO2 flux measurements taken using accumulation chamber method (Norman 
et al., 1992; Chiodini et al., 1998).  
Finally, the dynamic concentration method was applied in an active volcanic area (island of 
Vulcano) and in a seismic area of Sicily (Capo Calavà) to evaluate the influence of soil 
permeability on flux measurement and to study the relationships between soil degassing and 
tectonics. 
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Chapter 2 
Gas transport in porous media 
Knowledge of the physical processes governing the transport of gas through a porous 
medium is crucial to the study and development of a method aimed to measure gas fluxes 
from soils. In this Chapter, several equations that describe gas flux through a homogeneous 
porous medium will be derived and discussed. These equations will later be used to ascertain 
the relationships between various parameters that can be measured in the laboratory.  
 
2.1 Gas transport 
Gas transport through porous media can occur by means of two different processes: 
diffusion and advection. Molecular diffusion is the process where matter is transported from a 
region of high concentration to a region of low concentration, as the result of random 
molecular movement. Advection (or “convection”, or “mass transport”, or “viscous flow”, as 
called by different authors) is the process where matter is transported in response to a pressure 
gradient. Generally, in a natural context, gas transport occurs due to the combination of these 
two different mechanisms.  
 
2.2 Diffusion 
Gas diffusion processes are governed by Fick’s first law, which highlights the 
relationships between diffusive flux for unit of area section, Jd (M⋅L-2⋅T-1), and the 
concentration gradient C∇ (M⋅L-4): 
CDJ md ∇−=                                                          (2.1) 
where Dm is the molecular diffusion coefficient (L2⋅T-1) that reflects the mobility of the 
diffusing gas in the host fluid, which can be either another gas, as in our case, or a liquid. If 
diffusion through a porous media is considered, the volume where the gas can diffuse is 
reduced, but this depends on the porosity of the medium. Moreover, the real gas path is not 
linear but tortuous. To take in account these characteristics, the molecular diffusion 
coefficient Dm in Fick’s first law must be substituted by the “bulk” diffusion coefficient D, 
which is expressed by the following relationship: 
τ
nDD m ⋅=                                                            (2.2) 
where n is the air-filled porosity which take into account the space effectively available for 
diffusion and τ is the tortuosity factor. This can be thought as the average distance a gas 
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molecule must travel through the network of pores in order to move of an unit distance 
through the porous media (Kutilek and Nielsen, 1994). Therefore, τ is always higher than 1, 
because the tortuous path is always greater than the linear path. For a wet, porous medium 
such as a soil, the n/τ ratio can be estimated from (Fang and Moncrieff, 1999): 
2
2






=
t
a
n
n
n
n
τ
                                                          (2.3)  
where nt is the total porosity of the medium (air and water filled porosity) and a is an 
empirical coefficient determined from the relation (Millington and Shearer, 1971): 
 1)1(2 =−+ aa nn                                                        (2.4) 
 
2.3 Advection 
Advective gas transport through a homogeneous porous medium is governed by the 
Darcy's law, which highlights the relationship between the rate of gas transfer per unit of area 
section, v  (L·T-1) and the pressure gradient, P∇ (M·L-2·T-2): 
 Pkv ∇−=
µ
                                                            (2.5) 
where µ (M ·L-1·T-1) is the gas viscosity and k (L2) is the intrinsic permeability, which is only 
a function of the properties of the soil, such as air-filled porosity and tortuosity. Soil 
permeability indicates the soil’s capacity to be crossed by a fluid. The dependence of the 
intrinsic permeability on the main physical properties of the soil is expressed by the Kozeny–
Carman equation (Bear, 1972): 
                                                                2
3
0
s
nck τ=
  
where c0 is the pore shape factor, which has been widely used for relating permeability with 
the morphology of the solid, and s is the surface area of the solid per unit volume of sample. 
  
2.4 Simultaneous advection and diffusion 
When pressure and concentration gradients coexist, gas transport is due to a 
combination of advection and diffusion processes, and the flux Ji of a generic gas species can 
be expressed as the sum of its advective and diffusive contributions: 
vCCDJJJ iiiadidi +∇−=+= ,,                                             (2.6) 
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where Ci (M⋅L-3), iC∇  (M⋅L-4)  and Jd,i (M⋅L-2⋅T-1), are the concentration, the gradient and the 
diffusive flux of the considered gas species, respectively, while Jad,i (M⋅L-2⋅T-1) is the 
advective flux of the gas species.  
 
2.5 The advective-diffusion model 
In order to quantitatively describe a system where diffusion and advection occur 
simultaneously, the mass conservation law must be taken in due consideration: 
0)( =
∂
∂
+
t
CJdiv ii                                                        (2.7) 
This equation shows that the temporal change in the concentration (∂Ci/∂t) of a gas species is 
equal to the spatial change of the total flux (div( iJ )). 
By combining equations (2.6) and (2.7) and assuming that Jad and D are constants, the well-
known advective-diffusion equation is obtained: 
t
CCDCv iii ∂
∂
=∇−∇ 2                                                    (2.8) 
Equation (2.8) is the basic equation for all problems where simultaneous diffusion and 
advection occur. 
The one-dimensional form of equation (2.8), along the z-axis, is: 
t
C
z
CD
z
C
v iii
∂
∂
=
∂
∂
−
∂
∂
2
2
                                                   (2.9) 
 
2.6 Concentration profiles  
In this thesis we will focus our attention on the solution to the problem of one-
dimensional gas flow through homogeneous porous media. In particular, a simple equation, 
that describes the profiles of CO2 concentration at steady state as a function of soil properties 
and of imposed CO2 flux, will be derived and discussed.  
In Appendix A, a solution to the advective-diffusion equation is provided to describe 
theoretical CO2 concentration in soils as a function of depth (z): 








−








−
−
+= 1
1
)()( 00
z
D
v
L
D
v
L
i e
e
CCCzC                                         (2.10) 
Equation (2.10) shows the change in the soil CO2 concentration as a function of depth through 
two generic sufaces at depths 0 and L respectively. CL and C0 are respectively the 
concentration of gas at depths 0 and L. The steady-state concentration profile is a function of 
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the advective rate of gas transfer, v. In particular, the form of the concentration profile 
depends on the DvL  term shown in equation (2.10). In literature, this term is known as the 
Peclet number (Pe) (Sahimi, 1995) and is used to measure the competition between advection 
and diffusion. As shown in Figure 2.1, when this number is significantly lower than 1 the 
diffusion process prevails and the concentration profile is linear. However, when Pe is higher 
than 1 advection prevails and the resulting concentration profile is a curved line. 
 
[CO2] (% vol)
5 10 15 20
de
pt
h 
(cm
)
-100
-80
-60
-40
-20
0
Pe = 0.1
Pe = 1
Pe = 4
Pe = 10 
 
Figure 2.1 Theoretical CO2 concentration profiles at different values of the Peclet 
number (v·L/D). 
 
2.7 Total flux  
The total flux of gas through a generic surface at depth z is given by equation (2.6):  
   
z
CDvzCzJ iii ∂
∂
−= )()(                                              (2.11) 
therefore, calculating  ( )zCi ∂∂ /  by equation (2.10), we obtain: 
z
D
v
L
D
v
L
ii e
e
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vzvCzJ

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





−
−
−=
1
)()()( 0                                            (2.12) 
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where )(zvCi  term is the advective contribution, while, ( )
1
0 1
−








−−−
L
D
v
z
D
v
L eeCCv  is the 
diffusive contribution.  
Equation (2.12) can be further semplified by espressing the term Ci(z) by means of equation 
(2.10): 






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−
−
−=
1
)()( 00
L
D
v
L
i
e
CCCvzJ                                                (2.13) 
According to equation (2.13), the total flux of a generic gaseous species does not depend on 
depth but is merely a function of the gas concentration, at depths 0 and L, of the advective rate 
of gas transfer and of the soil and gas properties. Equation (2.13) suggests that the sum of the 
diffusive and advective flux is constant at each depth, while equation (2.12) shows that the 
prevalent gas transport modality changes, moving from the gas source towards the surface. As 
shown in Figure 2.1, the theoretical concentration gradient is higher when close to the surface 
than when close to the gas reservoir and therefore the diffusive flux increases moving from 
the gas reservoir towards the soil-air interface.   
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Chapter 3 
Simulations of gas transport 
A special apparatus able to simulate a natural degassing system was developed in the 
laboratory to perform tests on the dynamic method with the aim of measuring CO2 fluxes 
from the soil. For each simulation, soil CO2 concentration profiles were measured in a steady-
flow state and compared with theoretical profiles predicted in keeping with the advective-
diffusion model. Thereby, the theoretical coherence of all the measured data was verified and 
a rigorous check of the efficiency of our laboratory apparatus was performed. 
 
3.1 Laboratory apparatus  
The device used to test the dynamic method (Figure 3.1) is similar to that described by 
Gurrieri and Valenza (1988). It consists of 700 kg of soil stored in a cylindrical vessel, 58 cm 
in diameter. Below the soil layer (100cm high) a free space lung (10cm high), equipped with a 
special gas diffuser, simulates a homogenous CO2 gas source. Furthermore, eight sampling 
steel capillary tubes are inserted at different depths in the soil through which the CO2 
concentrations can be measured. 
 
soil
capillary
tubes
flow
meter
CO2
 
lung
58 cm
15 cm
10 cm
CO2 tank
R
 
 
Figure. 3.1. Schematic illustration of the apparatus used in the laboratory. This consists of: a 
cylindrical metallic container, 58 cm in diameter, fed by a known flux of CO2 at the bottom. 
Sampling capillary steel tubes are inserted at different depths in soil. The capillaries are 
placed 15 cm from each other and they are closed hermetically from the outside, by 
spherical valves. The rate of the CO2 admitted into the lung is measured by a flow meter 
interposed between the lung and a CO2 tank. 
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Four different soil samples (S1, S2, S3 and S4) where used for the laboratory tests. Their 
principal physical properties are shown in Table 3.1.   
The gas permeability values (K) of the soil samples were obtained by measuring the pressure 
gradient in the soil generated by different air fluxes (v) according to the one-dimensional form 
of Darcy‘s law (Scheidegger, 1974, page 93): 
L
L
LP
PPk
v
2
2
0
2
−
−=
µ  
where µ  is the CO2 viscosity, k is the intrinsic gas permeability, L is the thickness of the soil 
layer, PL and P0 are, respectively, the gas pressure measured at 0 and L depths (in this case the 
soil surface in contact with the gas source was assumed as 0 depth). The PL and PO pressure 
measurements were carried out by a digital differential manometer (accuracy = 0.01 mbar) 
connected to the capillary tubes of the cylindrical vessel (Figure 3).  
 
soil sample k (darcys) porosity (%) tortuosity factor D (cm
2s-1) 
S1 125 ± 7 39 1.38 4.5·10-2 
S2 36 ± 2 38 1.39 4.4·10-2 
S3 5.60 ± 0.7 34 1.41 3.8·10-2 
S4 0.36 ± 0.02 28 1.46 3.0·10-2 
Table 3.1.  Main physical characteristics of the investigated soil samples. The tortuosity factor (τ ) 
relative to each soil samples are calculated by the porosity values, according to the relation (2.3) 
(Fang and Moncrieff, 1999). 
 
Soil samples S1 and S2 were obtained by grain size separation of pyroclastic sand collected 
close to the isthmus of the island of Vulcano (Figure 7.1). The grain size of sample S1 ranges 
between 1 and 0.5 mm while that of sample S2 is smaller than 0.5 mm. According to the 
Wentworth classification (1922), S1 sample is coarse sand while S2 is fine sand. Sample S4 is a 
limestone powder produced by industrial processing of marble. Finally, sample S3 was 
obtained in the laboratory by mixing 7 parts of soil S1 with 3 parts of S4. The four samples 
supply a wide range of permeability and porosity that can normally be encountered in field 
soil gas measurements.  
 
3.2 Laboratory experiments 
To simulate a real soil gas regimen, pure CO2 gas was let into the lung at a constant, 
known flux. The range of explored fluxes was between 97 – 22050 g m-2 day-1 (5.710-7 - 
1.310-4 m3m-2s-1) (
2CO
φ  values were calculated dividing the CO2 flux from the tank by the 
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surface of the metallic container (2,642 cm2)). At the beginning of each test, the soil gas in 
each layer consisted exclusively of air at atmospheric pressure. Subsequently, as CO2 was let 
in, the CO2 concentrations at different depths increased at varying rates until the steady state 
was reached. For each test, these variations were monitored by sampling the soil gas at 
different depths by the capillary tubes and measuring the relative CO2 concentrations with an 
infrared gas analyzer. Figure 3.2 shows the CO2 concentration at various depths versus time 
for the experiment in which 
2COJ = 340 g m
-2 day-1 (= 210-5 m3m-2s-1) and k = 125 darcys.  
time (min)
0 500 1000 1500 2000
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
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8 cm       from the lung
23 cm    
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96 cm
 
Figure. 3.2. An example of temporal variation of soil CO2 concentrations at different 
depths (k = 125 darcys and 
2COJ = 340 g m
-2 day-1).  
 
Before the steady state was reached, the CO2 flux admitted at the base of the soil layer 
was higher than the CO2 flux released by the system into the atmosphere. The difference 
between these two quantities of CO2 is stored inside the soil and it determines an increase in 
the concentration of CO2 at various depths. Only when the steady state was reached did the 
CO2 flux inlet equal the CO2 flux outlet. The steady state, for these specific boundary 
conditions, was reached after about 28 hours (mass inlet = mass outlet).  
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Thirteen different CO2 fluxes ranging between 97 g m-2 day-1 and 22050 g m-2 day-1 
were investigated. In this range of explored fluxes the modality of CO2 transport changes 
from conditions dominated by diffusion to conditions dominated by advection. The imposed 
fluxes are from one to four orders of magnitude higher than those normally measured in soil 
respiration studies (3.6-14 g m-2 day-1, Monteith et al. 1964; 3.4-56 g m-2 day-1, Lunderghard, 
1927) but they are within the range of CO2 fluxes normally encountered in active volcanic 
areas (Badalamenti et al., 1988, 1991; Chiodini et al., 1998; Gerlach et al., 2001; Giammanco 
et al., 1998; Carapezza and Federico, 2000; Chiodini and Frondini, 2001; Diliberto et al. 
2002; Finizola et al., 2002, 2004; Carapezza and Granieri, 2004). The experimental values of 
CO2 concentrations measured at steady state for each investigated soil sample are reported in 
Tables 3.2, 3.3, 3.4 and 3.5 (Appendix B).  
Moreover, Figure 3.3 shows some examples of these experimental concentration profiles 
obtained for each soil sample. As predicted by the theory, the shape of the experimental 
concentration profiles change as a function of 
2COJ . The CO2 profiles are linear at low 2COJ  
when the Peclet number (Pe, see Chapter 2) is lower than 1, but they curve progressively at 
higher fluxes. 
In Figure 3.3 the theoretical CO2 profiles calculated in accordance with equation (2.10) are 
compared with the relative experimental profiles. As shown by this figure, a good agreement 
can be observed between experimental and teoretical data. The D values utilized to carry out 
these simulations were calculated according to relation (2.2): 
( ) τ/nDD
m
⋅=  
where Dm = 0.15972 cm2s-1 at 298 °K (Marrero and Mason, 1972). The n values were 
experimentally measured to evaluate the amount of water necessary to saturate a known 
volume of soil (Table 3.1). The tortuosity factor (τ ) relative to each soil sample was 
calculated using the porosity values, in accordance with relation (2.3) (Fang and Moncrieff, 
1999). 
As shown in Table 3.1, τ  values increase as a function of porosity. Moreover, the total 
diffusion coefficient calculated by equation (2.2) is very similar for soil samples S1 and S2 
while it is lower for the other samples (S3 and S4). Therefore, the Peclet number for each soil 
sample calculated at the same advective rate of gas transfer ( v ) is higher for soil samples S3 
and S4 than the others. In other words under the same 2COJ  the advective component in the 
total flux is higher for sample S4 than the others. This was confirmed by the laboratory 
experiences reported in Figure 3.4 where some examples of the experimental profiles obtained 
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at the same 
2COJ  are shown for each investigated soil permeability. Similar CO2 profiles were 
obtained in samples S1 and S2, which are characterized by similar D values (see Table 3.1). On 
the contrary, different, curved profiles were obtained for soil samples S3 and S4, which are 
characterized by lower D values than the S1 and S2 samples.  
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Figure 3.3. Experimental (filled circles) and theoretical (lines) profiles of CO2 concentration at six different JCO2 for each investigated soil sample (S1, 
S2, S3 and S4): black circles, JCO2 = 96 g m-2 day-1; red circles, JCO2 = 504 g m-2 day-1; green circles, JCO2 = 1210 g m-2 day-1; blue circles, JCO2 = 2352 g 
m
-2
 day-1; grey circles, JCO2 = 3529 g m-2 day-1; pink circles, JCO2 = 21849 g m-2 day-1. 14
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Figure 3.4. Different soil CO2 concentration profiles for some of the investigated soil samples under 
different CO2 fluxes. Blue circles = S1 soil; white circles = S2 soil; green circles = S3 soil; red circles = S4 
soil. 
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Chapter 4 
The dynamic method for measuring CO2 flux from the soil 
In this Chapter we will discuss the results of several tests performed in the laboratory 
using the dynamic method for measuring CO2 flux from the soil. Initially, the theoretical basis 
of the method will be shown and subsequently we will examine the influence of soil 
permeability and pumping rate on flux measurements performed using this method. Finally 
we will discuss the results of several CO2 flux measurements performed in a selected area of 
the island of Vulcano in order to evaluate the reproducibility of the method.   
 
4.1 Theoretical principles of the dynamic concentration method 
The system used to measure CO2 flux from soils is shown schematically in Figure 4.1.  
 
IRGA
air inlet flowmeter
sampling probe
P
G L
soil gas
inlet
O = 5 mm
O = 5 mm
O = 5 mm
O = 11 mm
500 mm (depth from the ground level)
50 mm
40 mm
40 mm
O = 18 mm
O = 6 mm
  
Figure 4.1. Schematic illustration of the system used to measure soil CO2 flux. P = sampling 
pump; GL = ground level; IRGA = Infra Red Gas Analyzer. 
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The main components are an Infra Red Gas Analyzer (Riken 550 A), a constant flux sampling 
pump and a specially designed probe which is inserted into the soil at a depth of 50 cm. This 
probe allows soil gas to drain through some openings located on its lower part and air to be 
admitted through a calibrated tube on the top of the same probe (see the Figure 4.1). By 
pumping at constant flux, an air and soil gas mixture is obtained inside the probe. After a 
given time, depending on the pumping flux and probe geometry, the gas mixture reaches a 
constant composition. Gurrieri & Valenza (1988) defined dynamic the concentration values 
(Cd) obtained by this method to distinguish them from the static gas concentrations in soils, 
generally measured to determine the concentration gradients. The same authors observed that 
the dynamic concentration of CO2 is mainly a function of soil CO2 flux ( 2COJ ) in accordance 
with the following relationship: 
dCO CMJ 2 ⋅=                                                           (4.1) 
where M is a constant that depends on the characteristics of the device (geometry of probe, 
soil insertion depth and pump suction flux, soil permeability) and Cd is the dynamic 
concentration of CO2.  
To understand the physical concept of dynamic concentration, the mass balance 
between the CO2 inlet and outlet of the probe must be taken into consideration.  
                          
Ca
V
ΦpCd
Φs
Φa
Cs
G. L.
 
Figure 4.2 Simplified diagram of the probe 
used to measure soil CO2 flux. V is the inner 
volume of the probe; Cd is the CO2 
concentration of the gas-air mixture; φa and Ca 
are the volumetric flux and CO2 concentration 
in the inlet air, respectively;
s
φ  and Cs are the 
volumetric flux and CO2 concentration (called 
static concentration) in the sucked soil gas, 
respectively; φp is the volumetric pumping flux. 
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Fig. 4.2 shows a scheme of the probe, where all the lower openings of the sampling 
probe are assimilated to a single opening. The CO2 mass change within the probe ( )(2 tdM CO ) 
(M⋅L-3⋅T-1) can be expressed as the difference between the CO2 going into the probe (from the 
soil and from the atmosphere) and the CO2 issuing from the probe (to the Infra Red Gas 
Analyzer): 
dttCdttCdtCtVdCtdM dpssaadCO )()()()(2 φφφ −+==                        (4.2) 
where: 
• V (L3) is the inner volume of the probe; 
• )(tCd  (M⋅L-3) is the CO2 concentration of the gas mixture inside the probe;  
• 
a
φ  (L3⋅T-1) and Ca (M⋅L-3) are respectively the volumetric flux and the CO2 concentration 
of the air entering into the probe; 
• 
s
φ  (L3⋅T-1) and Cs(t) (M⋅L-3) are respectively the volumetric flux and CO2 concentration 
of the soil gas entering into the probe; 
• pφ  (L3⋅T-1) is the volumetric pumping flux; 
Assuming that Ca = 0 and that Cs remains constant during the time necessary to reach the 
steady state ( ss CtC =)( ), a first-order homogeneous differential equation for )(tCd  can be 
obtained: 
V
C
tC
Vdt
tdC ss
d
pd φφ
=+ )()( , 
As shown in Appendix C, the general solution to this equation is: 








⋅−=
− t
V
s
p
s
d
p
eaCtC
φ
φ
φ 1)( ,                                              (4.3) 
where a is a constant that can be calculated assuming that the concentration of CO2 inside the 
probe at t = 0 is equal to concentration of the soil gas entering into the probe:  
sd CC =)0(  . 
According to the specified boundary conditions, equation (4.3) becomes: 
 

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
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

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s
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s
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s
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eCtC
φ
φ
φφ
φ
φ 1)(
                                        (4.4) 
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which shows the time variation of the CO2 concentration of the gas mixture generated inside 
the probe by pumping at constant flux. At the steady state (t  ), the concentration of each 
gas species in the gas mixture becomes constant and is expressed by: 
  s
p
s
d CC φ
φ
=
.                                                          (4.5) 
For pφ  constant, Cd (the dynamic concentration) is a function of Cs and sφ . It does not 
depend on the inner volume of the probe (V), but is a function of the pumping flux ( pφ ) and 
of the flux and CO2 concentration of the soil gas going into the probe ( sφ and Cs).  
The relationship between Cd and 2COJ  is a very complex function which involves both the 
geometry of the probe and the properties of the soil. To investigate this relationship, several 
Cd measurements were performed in the laboratory by simulating different soil gas regimens 
using the special device (Figure 3.1) discussed in the previous Chapter. 
Equation (4.4) suggests that the time necessary to reach the steady state inside the probe 
depends on the ratio between pφ  and V: in particular, it decreases when the Vp /φ  ratio 
increases. Figure 4.3 shows the theoretical )(tCd  values versus time at different values of 
pumping flux calculated by equation (4.4). In this simulation we have imposed a value of Cs 
equal to 82% and a value of 
s
φ  equal to 1 l min-1 and a value of V equal to the real inner 
volume of the probe (equal to 226 cm3). 
 
  Cs = 82 %
time (sec)
0 10 20 30 40
C d
 
(t)
0,0
0,2
0,4
0,6
0,8
1,0
φp = 4 l min-1
φp = 0.4 l min-1
 
Figure 4.3. Theoretical variation of the gas mixture concentration 
Cd(t), versus time, for two different values of pumping flux (4 and 
0.4 l⋅min-1). Cd(t) is expressed in terms of molar fraction, 
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In each case, the gas mixture concentration decreases with time from Cs to Cd. The time 
necessary to reach a steady state ranges between 5 seconds, for high values of pumping flux 
(4 l·min-1), to 25 seconds for lower flux values (0.4 l·min-1). As confirmed by experimental 
observations, the theoretical values represent the minimum time necessary to carry out the Cd 
measurements. The model does not take into consideration some geometrical aspects such as 
the length of the tube between the probe and the Infra Red Gas Analyzer or the volume of the 
spectrophotometer measurement cell which appreciably increase the time necessary to reach a 
steady state. The discrepancies can range between 5 s (for a pφ = 4 l·min-1) and 60 s ( pφ = 0.4 
l·min-1). 
 
4.2 Generality on laboratory tests 
To investigate the relationship between 
2COJ and Cd, several Cd measurements, at 
different imposed CO2 fluxes, were carried out using the experimental apparatus described in 
the previous Chapter (see Figure 3.1). In each flux simulation, the Cd value was measured 
when the steady state had been reached.  
Several Cd measurements where carried out for very different experimental conditions: 
2COJ = 97–22050 g m
-2 day-1 (= 5.610-7-1.310-4 m3m-2s-1), k = 0.36 - 125 darcys. Moreover, 
also the pumping flux with which air and soil gas mixture is carried out from the 
measurement probe (Figure 4.1), was changed from 0.4 to 4 l·min-1. Only the probe geometry 
and insertion depth in the soil of the measurement probe were not varied (see Figure 4.1). The 
probe employed in these experiments was characterized by a greater number of openings than 
the probe used by Gurrieri & Valenza (1988). This solution was preferred because it increases 
sensitivity at the lowest soil CO2 fluxes. Indeed, at the same soil flux, a greater CO2 inlet 
surface determines a higher amount of soil gas in the gas mixture and, consequently, provides 
higher Cd values.  
 
4.3 Experimental data 
4.3.1 Constant soil permeability and pumping flux 
The first set of measurements was performed on soil sample S1 (K = 125 darcys) at a 
constant pumping flux of 4 l min-1 (Table 4.1 in the Appendix D).  
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Figure 4.4 shows the relationship between the Cd values (expressed as molar fraction) 
and the relative imposed fluxes (
2CO
J ). As a first consideration, the Cd values seem to 
increase, giving different slopes, as a linear function of 
2CO
J at low and high imposed fluxes 
(
2COJ <3500 g m
-2 day-1 and 
2COJ > 7000 g m
-2 day-1). This general behaviour characterizes all 
the measurement sets and essentially reflects the mechanism of gas transfer prevailing at 
specific soil degassing conditions. 
 
Cd
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Figure  4.4. Experimental relationship between Cd and JCO2 for soil sample S1 at 
constant φp = 4 l·min-1. Solid line shows best fitting curve calculated according to 
equation 4.8. Cd values are expressed in terms molar fraction. 
 
 In order to explain this particular behaviour, the theoretical expression of the dynamic 
concentration (equation 4.5) must be considered: 
s
p
s
d CC φ
φ
=
 
In the case of Figure 4.4, the pumping flux is constant (4 l⋅min-1). Therefore, in accordance to 
equation (4.5), the change of Cd as function of 2COJ can be only explained as the result of the 
variation in the flux and in the CO2 concentration of the soil gas entering into the 
measurement probe (
s
φ  and Cs, respectively). A value able to describe the CO2 concentration 
of gas sucked out from the soil can be given by calculating the mean value of the CO2 
concentration measured at the different depths where soil gas enters in to the probe (equal to 
39 cm, 41 cm, 46 cm and 50 cm, respectively (see Figure 4.1)): 
( ) 4/dcbas CCCCC +++= ,                                            (4.5) 
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where aC , bC , cC and dC  are the CO2 concentration measured in the soil gas sampled at 
depths of 50, 46, 41 and 39 cm, respectively. Table 4.5 (pag. 25) reports the Cs values 
calculated, for each soil, according to equation (4.5). As shown in this table, the CO2 
concentration of gas sucked out from the soil depends on the soil properties and on the 
imposed CO2 flux. Figure 4.5 shows the variation of Cs as function of 2COJ  for soil sample S1. 
By comparing the figures 4.4 and 4.5, it can be seen that at low 
2CO
J  values, an increase of 
2CO
J determines a linear increase in Cs and, harmoniously, an increase in the Cd values.  
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Figure 4.5. Plot of CO2 concentration of the sucked-soil gas (Cs) measured in 
sample S1 as a function of JCO2.  Cs values are expressed as molar fraction. 
 
C
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Figure 4.6. Experimental relationship between Cd and Cs obtained for soil 
sample S1. A good correlation is found between these two parameters for ϕCO2< 
7000 g m-2 day-1 (R = 0.99). Cd and Cs values are expressed as molar fraction. 
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By plotting Cd versus Cs (Figure 4.6), a good correlation between these two parameters can be 
recognized for
2COJ < 7000 g m
-2 day-1. For high 
2COJ  (> 7000 g m
-2 day-1), the CO2 
concentration of the soil gas entering into the probe remains constantly equal to 100% and Cd 
continues to increase as function of the imposed CO2 flux  (see Figure 4.4) with a rate lower 
than that observed for lower imposed fluxes. In this case, pφ and Cs terms of equation (4.5) are 
constant, and the mechanism responsible of the Cd variations is only the increase, as function 
of 
2CO
J , of the flux of soil gas entering into the probe (
s
φ ). In fact this flux, which is caused 
by a difference in pressure between the soil and the inside of the probe, increases as function 
of the pressure gradient in the soil and therefore on the imposed CO2 flux.   
The results shown here suggest that the variation in the dynamic concentration can be caused 
by two different mechanisms which occur simultaneously. One of these is the change as 
function of 
2CO
J in the CO2 concentration of the gas sucked out from the soil. The second 
mechanism is the variation as function of 
2COJ of the amount of gas having a high 
concentration of CO2 sucked out from the soil (φs). As shown by Figure 4.6, the first factor is 
the prevailing cause of the change in Cd at low flux values, while the second is the only cause 
of change in Cd at flux values higher than those where the CO2 concentration of the sucked 
soil gas is constant and equal to 100%. 
The experimental relationship between 
2COJ and Cd can be described by combining two 
different functions: a power (equation 4.6) and a linear function (equation 4.7): 
b
dCO CaJ ⋅=2                                                           (4.6) 
dCO CcJ ⋅=2                                                             (4.7) 
The first function describes the relationship between Cd and 
2COJ
 
for 
2COJ < 7000 g m
-2 day-1, 
where the variation in Cd strongly depends on the values of Cs (which change as function of 
2COJ in accord to a power law); the second function describes the relationship between Cd and 
2COJ
 
for 
2COJ > 7000 g m
-2 day-1. Therefore, to describe the relationship between Cd and 
2COJ  
in the whole 
2COJ range, a linear combination of equations (4.6) and (4.7) should be 
considered: 
b
ddCO CaCcJ ⋅+⋅=2                                                      (4.8) 
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By fitting this model to the experimental data (Figure 4.4) a good accord can be recognized (R 
= 0.996). The values of a, b and c coefficients of equation (4.8) are function of the soil 
permeability and on the pumping flux (see next, paragraph # 4.4). 
 
 
4.3.2 Influence of soil permeability 
In order to evaluate the effects of soil permeability on the relationship between Cd and 
2COJ , several measurements of Cd were performed at the same imposed CO2 fluxes with 
different permeable soils. In particular we used soils S2 (k = 36 darcys), S3 (k = 6 darcys) and 
S4 (k = 0.36 darcys) whose main characteristics have been reported in Table 3.1 (Chapter 3). 
The results of these investigations are reported in Tables 4.1, 4.2, 4.3 and 4.4 (Appendix D). 
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Figure 4.7. Comparison between the experimental JCO2 - Cd relationships found 
for each investigated soil sample at a constant pumping flux of
 
4 l·min-1. Cd 
values are expressed as molar fraction. 
 
Figure 4.7 shows the experimental relationships between the values of Cd and the relative 
2COJ  observed for each investigated soil permeability and for a constant pump flux of 4 l min
-
1
. Several considerations can be made regarding the influence of soil permeability on the Cd 
measurements. At constant value of 
2COJ , the measured Cd values increase with soil 
permeability. As shown in Table 4.5 (next page) this result contrasts with the general trend 
shown by the experimental concentration values of soil gas entering into the measurement 
probe (Cs) which generally shows a little decrease as a function of soil permeability. On the 
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contrary, the increase in Cd as function of soil permeability reflects the differences in flux of 
soil gas entering into the measurement probe (φs) which depends on the soil permeability. 
Thus, for a constant imposed CO2 flux and a constant pumping flux, the volume of gas which 
can be sucked out from the soil depends only on its permeability, which represents the ease 
with which a fluid can pass through a soil. In the case of highly permeable soils, a higher 
volume of gas with a high CO2 content can easily be extracted from the soil and the resulting 
gas mixture is richer in CO2. 
 
Table 4.5. Variation of static concentration, Cs, as a function of JCO2 for each investigated soil sample. 
 
4.3.3 Influence of the pumping flux on Cd measurements 
Another aim of this study was to evaluate the influence of the pumping flux on the 
relationship between 
2COJ and Cd. This parameter determines the proportions of gas sucked 
out from the soil and from the atmosphere and, of course, it influences Cd values. Several Cd 
measurements were repeated at different values of pumping flux, from 4  to 0.4 l·min-1 (Table 
4.1, 4.2, 4.3 and 4.4 (Appendix D)).  
Figure 4.8 shows the relationship between Cd and 
2COφ  for each investigated value of 
pumping flux and for a constant soil permeability of 125 darcys. The dashed area indicates the 
range of the Cd and 2COJ  values normally encountered in volcanic and geothermal areas (Cd < 
200,000 ppm and 
2COJ < 5000 g m
-2 day-1). In this range, most of the Cd and CO2 fluxes 
JCO2 
(g m-2 day-1) 
Cs (% vol) 
(k = 125 darcys) 
Cs (% vol) 
(k = 36 darcys) 
Cs (% vol) 
(k = 6 darcys) 
Cs (% vol) 
(k = 0.36 darcys) 
22558 100 100 100 100 
19335 100 100 100 100 
14773 99.5 100 100 100 
9769 98.8 99.2 99.6 100 
6750 95.3 95.8 98.4 98.4 
4172 87.9 89.2 94.4 96.8 
3630 83.4 83.7 93.4 94.3 
3087 80.7 82.4 90.8 91.8 
2442 67.4 69.2 79.6 86.2 
1934 53.7 54.2 67.1 72.4 
1219 39.5 39.8 48.1 57.3 
514 17.7 18.0 24.6 30.7 
96 3.5 3.7 4.0 5.9 
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measured in volcanic and geothermal areas are included (Badalamenti et al. 1988, 1991; 1990; 
Chiodini et al., 1998; Gerlach et al., 2001; Giammanco et al., 1998; Chiodini and Frondini, 
2001; Diliberto et al. 2002; Carapezza and Granieri, 2004; this thesis).  
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Figure 4.8. Relationships between Cd and JCO2 for each investigated pumping flux and for a 
constant soil permeability of 125 darcys. Cd values are expressed as molar fraction. The 
dashed area indicates the JCO2 and Cd values normally encountered in the field. 
 
As shown in this figure, the influence of the pumping flux on the relationship between 
Cd and 2COJ is low within the range of values generally measured in the field. On the contrary, 
more significant differences can be observed at higher 
2COJ . 
As previously shown (Figure 4.7), for a constant pumping flux of 4 l min-1, significant 
differences were observed among Cd values measured in soils characterized by different 
permeability values. The graphs in Figure 4.9 show the experimental relationships between 
2COJ and Cd found for different values of the pumping flux and for each investigated soil 
permeability. By decreasing the pumping flux from 4 to 0.4 l min-1 the discrepancies among 
the relationships between 
2COJ and Cd observed in relation to the different investigated soil 
permeability, are reduced. In particular, for a pumping flux of 0.8 and 0.4 l min-1, low 
discrepancies can be observed within the range of Cd and 2COJ  values that are normally 
encountered in the field (indicated in Figure 4.9 by the dashed area). Therefore, to decrease 
the influence of soil permeability in flux measurements, it is necessary to perform the Cd 
measurements at low values of pumping flux. However, as previously discussed (4.1 section), 
the time necessary to perform a flux measurement with the dynamic method increases at low 
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values of pumping flux (see 4.1 section). A good compromise between speed of measurement 
and influence of soil permeability can be reached by performing the flux measurements at a 
pumping flux of 0.8 l·min-1. In fact, in these conditions only small discrepancies were 
observed among the experimental Cd - 2COJ  relationships obtained in soils characterized by 
different permeability values. Furthermore, the soil flux measurements were performed in a 
relatively short time. 
Cd
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Figure 4.9. Relationship between Cd and JCO2 relative to each investigated permeability and for each pumping 
flux. The discrepancies among the relationships between Cd and JCO2 obtained at different permeability, decrease 
when Cd measurements were performed at low values of pumping flux. Cd values are expressed as molar 
fraction. 
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4.4 Empirical relationship for measuring 
2COJ  as a function of Cd and k 
As previously discussed in section 4.3.1, the relationship between the experimental 
values of Cd and 2COJ  obtained at constant soil permeability and at constant pumping flux, are 
well explained by the empirical model expressed by the equation (4.8) (see Figure 4.4): 
b
ddCO CaCcJ ⋅+⋅=2 ,                                                  (4.8) 
where the coefficients a, b and c depend on the value of soil permeability and pumping flux.  
In this section we would express these coefficients as a function of soil permeability, in order 
to deduce an equation able to calculate 
2COJ as a function of Cd and k, when Cd measurements 
are taken at a constant pumping flux of 0.8 l·min-1.  
 
k (darcys) a (g m-2 day-1) b (g m-2 day-1) c (g m-2 day-1) 
125 1.158·105 3.021 1.410⋅104 
36 5.961·104 2.949 1.873⋅104 
6 1.321·104 3.083 2.339·104 
0.36 2.385·103 3.044 2.758·104 
Table 4.6. Values of a, b and c coefficients found for each 
investigated permeability fitting equation (4.8) to experimental Cd 
and 
2COJ data for a constant value of pumping flux of 0.8 l⋅min
-1
. 
 
Table 4.6 reports the values of a, b AND c coefficients found for each permeability and for a 
constant pumping flux of 0.8 l⋅min-1.  
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Figure 4.10. Variation of constants a and c of equation (4.8) as a function of soil permeability at a 
constant pumping flux of 0.8 L⋅min-1.   
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As shown in Figure 4.10, the values of coefficients a and c of equation (4.8) change as a 
function of soil permeability in keeping with a power function, while the values of b seem to 
be constant for this value of pumping flux (0.8 l⋅min-1) and equal to 3 (see Table 4.6). 
Therefore, equation (4.8) can express as a function of the soil permeability as follows:  
3)()(
2 d
B
d
E
CO CKACKDCJ ⋅⋅+⋅⋅+=  
By fitting this model to Cd, k and 2COJ  experimental data achieved for a constant pumping 
flux of  0.8 l⋅min-1, the following equation is obtained: 
    
36.0324.034 105.6)107.5102.3(
2 ddCO CkCkJ ⋅⋅⋅+⋅⋅−⋅=                   (4.9) 
The R value of the fitting is equal to 0.982.  
As shown in Figure 4.11, equation (4.9) is a complex three-dimensional surface whose 
intersection with the constant permeability planes are curves expressed by equation (4.8). 
Equation (4.9) can be used to perform accurate measurements of soil CO2 flux by measuring 
Cd and soil permeability.  
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Figure 4.11. Relationship between Cd, k and 
2COJ calculated from equation (4.9). 
 
4.7 Reproducibility of the method 
In order to verify the reproducibility of the flux measurements performed with this 
method, several measurements of soil CO2 flux were performed in a selected area of Vulcano 
(Aeolian Islands, Italy) close to Grotta dei Palizzi. In one hour, soil CO2 flux measurements 
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were repeated ten times at four sites: A, B, C and D. The results of these flux measurements 
are reported in Table 4.7, which also gives the main statistical parameters. 
 
Sites A B C D 
139 30 458 797 
132 27 475 814 
139 27 475 814 
132 27 475 814 
139 30 458 831 
139 27 475 797 
136 30 458 831 
139 27 458 831 
132 27 475 831 C
O
2 
flu
x
 
m
ea
su
re
m
en
ts
 
(g 
m
-
2  
da
y-
1 ) 
136 27 475 814 
Mean 136 28 468 817 
Standard deviation 3 1 9 13 
CV 2% 5% 2% 2% 
Tabella 4.7. Results of the CO2 flux measurements (g m-2 day-1) 
repeated at sites A, B, C and D. Main statistical parameters are also 
reported. 
 
The reproducibility of this method was estimated using the coefficient of variation (CV), 
which is the standard deviation for the repeated measurements divided by their average value 
and expressed as a percentage. As shown in Table 4.7, the CV values obtained for each site 
were lower than 5%, which indicates that the flux measurements performed with this method 
are characterized by good reproducibility. This feature is very important if we want to employ 
the method in the continuous monitoring of volcanic activity. 
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Chapter 5 
The Radial Gas Advection Method for measuring In situ Soil Permeability 
In the last Chapter we have shown that one important parameter which must be known 
to perform accurate measurements of soil CO2 flux with the dynamic method is soil 
permeability. Starting from this consideration we have developed a new method for 
measuring in situ soil permeability, based on the theory of radial gas advection through an 
isotropic porous medium. In this Chapter we will describe the theory on which this method is 
based, and subsequently we will discuss the results of the several tests performed in the field 
(Vulcano Islands, Italy) and in the laboratory in order to verify the performance reliability of 
the developed method. 
 
5.1 Generalities on soil permeability measurements 
As discussed in Chapter 2, soil gas permeability is the main parameter that influences 
the advective gas transport through porous media. This parameter depends on the properties 
and the specific conditions of the soil such as porosity, structure, tortuosity, specific surface, 
air saturation, etc. (Moldrup et al., 1998). Soil permeability can be defined as the easy with 
which a fluid can pass through the soil. Laboratory methods, employed in measuring soil gas 
permeability, consist of special filtration devices in which the soil samples are traversed in 
one direction by a gas flux. Generally, treatment of soil samples with these methods (sample 
collection, transport and insertion inside the measuring device) profoundly modify all soil 
properties and the resulting permeability values could be affected by serious errors (Evans and 
Kirkham, 1949). In order to solve this problem, various empirical methods have been 
developed to measure soil permeability directly in the field (Evans and Kirkham, 1949; 
Grover, 1955; Fish and Koppi, 1994). The devices employed consist of an inverted chamber 
placed on the soil and connected to a gas tank. The gas pressure reached in the chamber is 
proportional to gas flux and soil permeability, according to an empirical model of gas 
advection through a homogenous porous medium.  
A new method for measuring shallow soil permeability in situ is presented and discussed in 
this Chapter. This new method is based on the theory of radial gas advection through an 
isotropic porous medium. The model describes the relationship between the permeability of 
the medium and the pressure gradients induced by a radial and continuous gas source.  
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5.2 Generalities on fluid advection 
As discussed in Chapter 2, the advective fluid transport in a natural porous medium is 
governed by the Darcy's law. This  highlights the relationship between velocity (v) of the fluid 
and the pressure gradient (∇P): 
( )gzPkv ρ
µ
+∇−=
 
where g is the acceleration gravity constant, ρ and µ are the density and the viscosity of the 
fluid respectively, and k is the intrinsic permeability of the soil. Regarding these fluids, the 
term ρgz in the following calculations will be ignored because it is three orders of magnitude 
less than the P term. Theoretically, intrinsic permeability only depends on the properties of 
the porous medium and not on the permeating fluid (Carman, 1956). This assumption is 
generally true when fluids do not interact with soil. In other cases (especially water and other 
liquids), the fluid can interact with soil, thereby changing its properties. Intrinsic permeability 
could, thereby, strongly depend on the characteristics of the fluid (Fish and Koppi, 1994; 
Michaels and Linn, 1954). In this work we shall consider the advection of air and CO2 
through a porous medium. k is the intrinsic permeability of the medium for these gases which 
we call gas permeability, as suggested by several authors (Moldrup et al., 1998; McCarthy 
and Brown, 1992).  
Combining Darcy’s law with the continuity equation [div(ρν)+n∂ρ /∂ t = 0], in which 
n is the porosity of the porous medium, the fundamental equation for gas transfer through 
porous media is obtained (Scheidegger, 1974):  
t
nPkdiv
∂
∂
=




 ∇ ρ
µ
ρ  
or              
    02 =∇ Pρ                                                             (5.1)                   
if the system is under steady state conditions, at constant temperature (µ = constant) and the 
porous medium is homogeneous (k = constant). Moreover, assuming ideal behaviour 
regarding the gas involved in the transfer process and constant temperature:  
cP=ρ     
where c = M/RT,  M is the molecular weight of a generic gas, R is the universal gas constant 
and T is the absolute temperature. Substituting this expression in equation (5.1), Laplace’s 
equation is obtained:  
02 =∇ χ                                                               (5.2) 
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where 2cP=χ .  Equation (5.2) can be used to determine the gas pressure spatial variation for 
any gas advection model. 
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R1
Gas inlet
Probe
B
C
A
Spherical
surfaces
Gas source
 
 
Modeling a radial gas pressure distribution through a porous medium (Figure 5.1), it 
was useful to express Laplace’s equation using the polar spherical coordinates r, θ and γ:  
02 =





∂
∂
∂
∂
r
r
r
χ
                                                             
in which we do not consider the terms θ and γ, in light of a hypothesis of a homogeneous  
porous medium. The solution of this differential equation is: 
rba +=χ                                                            (5.3)                                                                 
where a and b depend on boundary conditions. Considering two spherical shells with radii R1 
and R2, which are concentric with the gas source and assuming that the pressure of these two 
shells is  equal to P1 and P2 respectively, the expression of the constant a and b can be easily 
found:  
1
2
1 R
b
cPa −=          and        
21
21
2
1
2
2 )(
RR
RRPPc
b
−
−
=  
Figure 5.1. Schematic representation of the 
probe used in making soil permeability 
measurements and graphical representation of 
the isobar surfaces produced from the soil; A, 
B, C are tubes which measure the pressure and 
R1, R2, R3 are the radii of the spherical shells. 
The tubes are connected to external pressure 
sensors (see Figure 5.2).   
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Substituting a and b terms into equation (5.3) and solving for the pressure, we obtain the 
following equation: 
( )






−
−
−
−= 11
21
2
2
1
2
22
1
r
R
RR
RPPPP
                                             (5.4) 
which shows the variation of the gas pressure (P) as a function of the radius (r), generated by 
a radial gas source inside a homogeneous porous medium. Substituting the first derivative of 
the equation (5.4) at r =R1 in Darcy’s law, the equation for the volumetric gas flux across a 
spherical shell of radius R1 is obtained:         
( )
1
2
1
2
2
21
212
1 P
PP
RR
RRk
Rr
−
−
=
= µ
piϕ                                              (5.5) 
Equation (5.5) predicts the gas flux crossing a spherical shell of radius R1, when a radial gas 
source is generated in a homogeneous porous medium of permeability k and the gas pressure 
at R1 and R2 shells is equal to P1 and P2, respectively. 
 
Flowmeter
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  Gas
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Figure 5.2. Permeability equipment used for field measurements, as discussed in this 
thesis. The apparatus consists of: an external pump, a flux meter, a probe with which to 
supply gas to the soil, three water manometers for reading the soil gas pressure at 
different depths. 
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5.3 Laboratory and field tests
 The permeability values, discussed in this Chapter, were calculated according to equation 
(5.5) and the measurements of gas pressure for different concentric spherical shells. The radial 
gas source was generated by using the probe shown in Figure 5.1 (diameter = 2 cm, length = 
75 cm), which was inserted in the soil at a depth of 50 cm.  The gas pressure gradients are 
measured by three thin tubes, externally connected to water manometers and located inside 
the probe; the tubes were opened at depths of 35, 40 and 45 cm (Figure 5.1, A, B and C). 
Figure 5.2 shows the equipment used for measuring soil permeability. The gas flow was 
generated by a membrane pump connected with a flowmeter and both the flux and pressure 
measurements were carried out at steady state (reached in a few minutes). The method was 
tested in the field (the island of Vulcano) and in the laboratory.  
 
Site 
Volumetric 
Flux (cm3s-1) 
k1,2 (darcys) k2,3 (darcys) k1,3 (darcys) δ(k1,2-k1,3) 
1a 260 14.6 ± 0.8 13 ± 2 13.9 ± 0.6 7 
1b 230 12.3 ± 0.6 16 ± 3 12.6 ± 0.5 1 
101 230 18 ± 1 19 ± 2 18 ± 1 0 
4a 280 50 ± 5 47 ± 12 48 ± 3 4 
4b 178 48 ± 6 45 ± 15 46 ± 3 4 
4c 230 43 ± 5 27 ± 10 37 ± 3 15 
30a 60 10 ± 2 10 ± 5 10 ± 2 0 
30b 185 7.5 ± 0.3 12 ± 2 7.9 ± 0.3 5 
30c 255 6.4 ± 0.2 5.5 ± 0.3 5.9 ± 0.2 8 
6 275 63 ± 6 70 ± 23 62 ± 4 2 
43a 260 6.6 ± 0.2 8.6 ± 0.8 6.5 ± 0.2 2 
43b 265 7.1 ± 0.2 7.0 ± 0.8 6.9 ± 0.2 3 
41 275 34 ± 3 28 ± 7 31 ± 2 9 
8a 305 35 ± 3 31 ± 8 33 ± 3 6 
8b 310 33 ± 2 31 ± 6 32 ± 1 3 
12a 275 9.7 ± 0.3 17 ± 4 10.5 ± 0.3 8 
12b 295 6.8 ± 0.2 16 ± 3 7.0 ± 0.2 3 
40a 290 9.5 ± 0.3 11 ± 1 9.5 ± 0.3 0 
40b 265 10.9 ± 0.4 13 ± 2 10.9 ± 0.4 0 
Table 5.1. Soil permeability measurements and the relative confidence interval relative to 
different soil portions and different air fluxes. The location of the measurement sites are 
shown in the Figure 5.3. The sites with the same number and different subscripts refer to 
permeability measurements carried out a few meter one another. Discrepancy values δ(k1,2 - 
k1,3) expressed in % between the k1,2 and k1,3 permeability values are also shown. The 
permeability k1,2 and k1,3 are very similar and confirms the assumption that the porous medium 
can be considered quite homogeneous. The air flux values reported here was corrected by the 
output air pressure values. 
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The permeability values measured in the field, together with relative confidence intervals, 
have been reproduced in Table 5.1. Three permeability values, k1,2, k2,3  and k1,3 were 
measured for each site, each value referring to different spherical soil shells with inner and 
outer radii of R1 – R2, R2 – R3 and R1 – R3 respectively. The confidence interval was obtained 
by applying the rule of error propagation (Taylor, 2000) to equation (5.5). According to the 
field equipment, the uncertainty regarding the pressure and flux measurements is equal to ± 1 
mmH2O (≅0.1 mbar) and ± 4 cm3s-1 respectively. The absolute error in the permeability 
measurements depends on the pressure difference relative to the spherical shells under 
consideration. 
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Figure 5.4. Theoretical variation (solid lines) in gas pressure as a function of the 
radius for three different permeability values (7, 14 and 62 darcys respectively). 
The pressure produced in the soil significantly decreases with increasing 
distance from the gas source (0 cm). 
Figure 5.3. Location of the measurement 
sites where the new method to measure 
in situ soil permeability was tested. 
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According to equation (5.5), soil gas pressure rapidly decreases with increasing 
distance from the gas source (Figure 5.4). Therefore, the most distant shells were 
characterized as possessing the lowest difference in pressure. Considering the uncertainty 
regarding the water manometer, any error in the pressure difference measured between the R2 
and R3 shells is significantly higher than the other shells (Table 5.1).  
Gas flux values and soil permeability also influence the error made in taking soil permeability 
measurements. Low flux and high soil permeability yield small differences in gas pressure 
and, as a consequence, permeability measurements will be affected by larger errors. 
Table 5.1 also reports discrepancies δ(k1,2 - k1,3), expressed as percentages between the 
permeability values measured, considering the spherical shells of soil with inner and outer 
radii of R1 – R2 and R1 – R3. The calculated permeability produced very similar results with a 
discrepancy of less than 10%, except in one case (15% for the site 4). The agreement between 
the permeability values k1,2 and k1,3 calculated for the same sites confirms our assumption that 
the porous medium can be considered relatively homogeneous.  
Finally, the method was also tested comparing the in situ measurements with the 
values determined by using standard laboratory procedures. Several soil samples were 
collected in sites where soil permeability had been previously measured with the method 
described in this chapter. The four selected sites (1, 4, 6 and 8) were characterized by 
presence of no-cohesive soils with different permeability values (15-90 darcys). The soil 
samples were collected with a shovel from a hole approximately 50cm deep; in many cases 
the extracted soils were disturbed. The permeability of the soil samples was measured in the 
laboratory by a gas permeameter (Loosveldt et al., 2002) and the values compared with the in 
situ measurements (Table 5.2).  
 
Sample 
k (darcys) 
(laboratory) 
k (darcys) 
(in situ) δ (%) 
4 48.5 45.3 7 
6 85.5 62.5 31 
1 16.9 13.5 22 
8 41.2 33.3 21 
Table 5.2. Comparison between laboratory and in situ soil 
permeability values. The discrepancies between these values 
are also shown. The in situ data are the mean values of the 
permeability measurements reported for each sites in Table 
5.1. 
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The laboratory results were always higher than the in situ measurements with a discrepancy 
ranging from 7 to 31% (Table 5.2). These results can be explained by considering that the 
sample procedure and laboratory treatments destroyed the original soil structure and caused 
an increase in porosity. Moreover, during the waiting period prior to taking the measurements, 
samples were subjected to a continuous decrease in soil moisture content which resulted in a 
further increase in gas permeability.  
In conclusion, applying a physical model to gas radial advection through porous 
media, a new method has been developed to determine in situ soil permeability by taking 
simple measurements of gas pressure at different depths. 
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Chapter 6 
Tests on the accumulation chamber method 
The apparatus employed to simulate a natural degassing system described in Chapter 3 
was also used to perform several tests on the accumulation chamber method. The results 
obtained are discussed in this Chapter. Subsequently we will discuss the comparison between 
the dynamic method and the accumulation method performed at Vulcano by Carapezza and 
Granieri (2004).   
6.1 Generalities on the accumulation chamber methods 
The accumulation chamber methods are well known in literature. They have been used 
extensively in the agricultural and ecological fields to measure the emission of gases such as 
CO2, N2O, and CH4 from soils to the atmosphere (Kanemasu et al., 1974; Denmead, 1979; 
Matthias et al., 1980; Cicerone and Shetter, 1981; Moore and Roulet, 1991; Fukui and 
Doskey, 1996). These methods are based on the accumulation of soil gas in a cylindrical 
chamber of known volume placed on the surface of the soil. As shown by Tonani and Miele 
(1991), the basic idea of measuring soil CO2 flux with an accumulation method is that the rate 
of variation in the concentration of CO2 inside the chamber ([CO2]) is directly proportional to 
soil CO2 flux:  
[ ]
22 COJdtCOd ∝  
In general, the accumulation chamber methods include discontinuously-monitored flux 
chambers (DM) (also called static or passive chambers) and continuously-monitored (CM) 
flux chambers. In the first case, the temporal variation in the concentration of CO2 inside the 
chamber is monitored by sampling a small volume of gas from a rubber septum placed in the 
chamber. CO2 concentration in the sampled gas is measured by a portable infrared gas 
analyzer. In the case of the CM method, the CO2 concentration inside the chamber is 
monitored continuously by an infrared gas analyzer linked via a close loop to the chamber 
(Figure 6.1). These later methods have been widely used in the last decade to measure CO2 
flux from the soil in volcanic and geothermal areas (Chiodini et al., 1998 and 2001; Evans et 
al., 2001; Rogie et al., 2001; Bergfeld et al., 2001; Gerlach et al., 2001). 
To understand the assumptions on which the measurement of soil CO2 flux with a 
continuous-monitored accumulation chamber method is based, we must make a mass balance 
of the CO2 within the volume of the chamber (see Figure 6.1). Moreover, in the formulation 
of the CO2 mass balance, we would take also into account that a constant flux of the inner 
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chamber atmosphere ( excφ ) can be lost through the pressure equilibration tube, which is placed 
on top of the chamber usually employed in the field (see for example the West System’s 
chambers and Licor’s chambers). Under these considerations, the CO2 mass balance is given 
by: 
dttCdttCdttCdtJAtVdC exccoutcincCOc φφφ )()()()( 2 −−+⋅=                       (6.1) 
where: 
• A and V are the cross section area and the inner volume of the chamber, respectively; 
• Cc(t) is the CO2 concentration of the gas inside the chamber; 
• φin and φout are the fluxes of gas entering and leaving the chamber, respectively. 
• φexc is the volumetric flux of gas leaving the chamber through the pressure 
equilibration tube placed on top of the chamber (Figure 6.1) 
  
JCO2Cs
Cc
P
I R G A
φin φout
G L
A
H
V
φexc
 
Figure 6.1. Schematic illustration of a generic 
continuously-monitored chamber system. P = 
sampling pump; G L = ground level; IRGA = 
Infra Red Gas Analyzer. For the other symbols 
see the text. 
 
If no pressure difference exists between the inside and the outside of the chamber and no flux 
is forced through the soil, the 
2COJ  term in equation (6.1) can be expressed as the sum of the 
advective and diffusive fluxes: 
adsscCO tCtCtCh
DJ φ)())()((
2
+−−= ,                                      (6.2) 
where φad is its advective flux, h is an infinitesimal thickness of soil close to the chamber 
atmosphere and Cs(t) is the CO2 concentration in soil gas at this depth. Combining equation 
(6.1) with equation (6.2), we obtain: 
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dttCdttCdttCdttCtCtC
h
DAtVdC exccoutcincadsscc φφφφ )()()()())()(()( −−+
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and assuming that φin = φout we can obtain: 
dt
V
tCdttC
V
AdttCtC
h
D
V
A
tdC exccadscsc
φφ )()())()(()( −+−=  
Noting that V/A = H for our dynamic chamber: 
V
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dt
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Assuming that Cs(t) is a constant during the time necessary to perform the flux measurement a 
first-order differential equation for Cc(t) is obtained: 
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The last equation has the following general solution: 
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where a is a constant that can be calculated by the initial conditions. Assuming that the CO2 
concentration of gas inside the chamber at t = 0 is equal to zero ( 0)0( =cC ), the equation 
(6.4) becomes: 
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Equation (6.5) shows the variation of the CO2 concentration inside the chamber as a function 
of time. Calculating the first derivative of the equation (6.5) at t = 0 we obtain: 
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According to the specified initial condition 0)0( =cC , equations (6.2) and (6.6) become, 
respectively: 
adssCO CCh
DJ φ+=
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which is the relationship used to calculate 
2COJ as a function of the slope of the CO2-t line at t 
= 0. As discussed by Chiodini et al., (1998) the assessment of the tangent at t = 0 can be 
difficult in real cases and this can cause some errors in the flux measurements which are 
however lower than 5% (Chiodini et al., 1989).  
As we will show in the following paragraph, new and more significant sources of error are 
likely to be introduced.  
 
6.2 Laboratory experiments 
In order to asses the performance and the reliability of the accumulation chamber 
system, several CO2 flux measurements at different imposed CO2 fluxes were carried out 
utilizing the experimental system described in Chapter 3 (see Figure 3.1). 
The accumulation system utilized in our investigations is composed of an inverted 
cylindrical chamber, 10 cm high, and a portable “Drager Polytron IR CO2” (accuracy 3% of 
reading for [CO2] > 350 ppm) linked by a close loop to the chamber (see Figure 6.1). 
Therefore, our system chamber is a continuously-monitored (CM) flux chambers. The 
spectrophotometer is connected to a portable computer that records the temporal variations in 
the concentration of CO2 inside the chamber and finds the slope of the [CO2]-t line, 
extrapolated at t = 0. The ambient temperature (T), and pressure (P) of the gas inside the 
chamber. For each investigated 
2COJ , when the steady state had been reached, flux 
measurements were performed according to the following equation (Werner et al., 2000): 
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where k = 169.34 m3 converts ppm⋅sec-1 in g·day-1, P is the measured pressure (atm), T is the 
measured temperature (K). T0 and P0 normalize the flux to STP (298 K and 1 atm).  The last 
equation differs from equation (6.6) in that it converts the ppm⋅sec-1 values obtained by the 
portable computer in g·day-1, so that the CO2 flux is denoted in units of g m-2 day-1. 
The results of the accumulation chamber measurements performed on soil samples S2, 
S3 and S4 (see Chapter 3, Table 3.1) are reported in Table 6.1. The deviations of each 
measured flux from the imposed CO2 fluxes (% Dev) are expressed in percentage and are also 
reported in the same table. In Figure 6.2 the accumulation chamber measurements performed 
on sample S4 (k = 0.36 darcys) are compared with the imposed fluxes (solid line).  
 
Table 6.1. Dynamic chamber measurements performed at different imposed CO2 fluxes (JCO2) at each 
investigated soil permeability. The deviation of each measurement from the imposed flux, expressed in 
percentage, is also shown. 
k = 36 darcys k = 6 darcys k = 0.36 darcys 
2COJ  
(g m-2day-1) 
2COJ meas. 
(g m-2day-1) 
%  
Dev 
2COJ  
(g m-2day-1) 
2COJ meas. 
(g m-2day-1) 
%  
Dev 
2COJ  
(g m-2day-1) 
2COJ meas. 
(g m-2day-1) 
%  
 Dev 
573 385 -39 95 82 -15 318 233 -31 
573 394 -37 95 76 -22 318 205 -43 
1145 763 -40 95 70 -30 318 215 -39 
1145 769 -39 95 65 -38 795 633 -23 
1145 736 -44 95 105 10 1909 1806 -6 
1591 1348 -17 1145 965 -17 1909 1745 -9 
1909 1670 -13 1145 981 -15 1909 1699 -12 
2100 1774 -17 1145 975 -16 3055 2983 -2 
2100 1772 -17 1145 987 -15 3055 2729 -11 
2100 1875 -11 3055 3670 18 3055 2989 -2 
2800 2841 1 3055 3805 22 3055 2986 -2 
3309 3361 2 3055 3630 17 3055 2705 -12 
3309 3483 5 3564 3890 9 4136 3892 -6 
3309 3356 1 3564 3801 6 4136 4027 -3 
4582 4807 5 3564 3920 10 4136 4016 -3 
5473 5832 6 3564 3905 9 5282 4652 -13 
5473 5870 7 3564 3920 10 5282 4698 -12 
5473 5585 2 4136 4607 11    
5473 5780 5 4136 4728 13    
   4136 4893 17    
   9673 9982 3    
   9673 10181 5    
   9673 9906 2    
   14828 16812 13    
   14828 15616 5    
   14828 15530 5    
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Figure 6.2. Comparison between imposed and measured CO2 
fluxes. The dashed line is the best fitting line of the measured 
data. Soil permeability, k = 0.36 darcys. 
 
The dashed regression line shown in this figure indicates that the measured values are in 
reasonable agreement with the imposed fluxes, although they show a negative bias. All the 
measured fluxes are lower than the imposed fluxes with a mean difference of -16 %. This 
result is very similar to the value (-12.5 %) found by Evans et al., (2001).  
The comparison between measured and imposed CO2 fluxes for k = 6 darcys (Figure 6.3) 
shows a negative bias for 
2COJ < 3000 g m
-2 day-1 and a positive bias for 
2COJ > 3000 g m
-2 
day-1  with a mean difference of 13%.  
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Figure 6.3. Comparison between imposed and measured CO2 
fluxes. The dashed line is the best fitting line of the measured 
data. Soil permeability, k = 6 darcys. 
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A similar result can also be observed for the experiment performed on soil sample S2 (k = 36 
darcys) (Figure 6.4).  
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Figure 6.4. Comparison between imposed and measured CO2 
fluxes. The dashed line is the best fitting line of the measured 
data. Soil permeability, k = 36 darcys. 
 
The underestimation shown by the chamber measurement data at low permeability 
(0.36 darcys) and at low fluxes could be the result of different factors. A constant 
underestimation can be attribute to the presence of a systematic error committed in the 
valuation of the real volume of the system in equation (6.8). In the case of a continuously-
monitored chamber, the real volume of the system is equal to the sum of the inner volume of 
the chamber plus that of the close loop (tubes and filters) and the measurement cell of the 
infrared gas analyzer (see Figure 6.1). In other words, the volume is increased by the volume 
of the loop and that of the spectrophotometer cell. We calculated that for the system employed 
in our investigations this volume is about 4% in respect of the inner volume of the chamber 
(2923 cm3) and this causes a constant error in the flux measurements equal to -4%.  
The negative bias in the flux measurements could also be caused by some characteristics of 
the system, such as pumping flux and CO2 detector speed that are not able to keep up the 
variation of the CO2 concentration in the chamber. In order to investigate the influence of the 
pump flux on the dynamic chamber measurements, we performed some measurements of soil 
CO2 flux by changing the pumping flux from 1 to 0.2 l⋅min-1. The results of these 
investigations are reported in Table 6.2 along with the discrepancy expressed in percentage 
between the measured and imposed fluxes. 
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2COJ = 702 
(g m-2day-1) 
2COJ = 970 
(g m-2day-1) 
2COJ = 1688 
(g m-2day-1) 
2COJ = 2140 
(g m-2day-1) Pumping flux 
(lmin-1) measured 2COJ  
(g m-2 day-1) 
%  
Dev 
measured 2COJ  
(g m-2 day-1) 
%  
Dev 
measured 2COJ  
(g m-2 day-1) 
%  
Dev 
measured 2COJ  
(g m-2 day-1) 
%  
Dev 
1 645 -8 928 -4 1665 -1 2286 6 
0.8 595 -15 810 -17 1542 -9 2222 3 
0.6 557 -21 725 -25 1560 -8 2002 -7 
0.4 451 -36 607 -37 1402 -17 1772 -18 
0.2 380 -46 506 -48 1087 -36 1485 -31 
Table 6.2. Accumulation chamber measurements performed at different pump fluxes and for four 
constant imposed fluxes. Soil permeability = 6 darcys. 
 
As shown in this table, the measured CO2 fluxes are strongly dependent on the pumping flux. 
Very high underestimations, i.e., up to 48 %, were obtained at the lowest pumping flux (0.2 l 
min-1) suggesting that in these conditions the circulation rate of air in the system is not enough 
able to keep up the variation of CO2 concentration in the chamber. On the contrary, when the 
pumping rate is increased from 0.2 to 1 lmin-1 the difference between the imposed and 
measured CO2 flux decreases and a slight overestimation appears for the highest imposed 
fluxes (see also Figure 6.3 and 6.4). As discussed in several papers (Conen and Smith, 1998; 
Fang et al., 1998) the overestimation can be explained as an effect of air circulation in the 
chamber. This may create a pressure deficit within the chamber inducing an additional 
advective CO2 flow from the covered soil matrix to the chamber. Following Fang and Scott, 
(1998) the pressure difference (∆P) between a generic layer of soil below the enclosed area 
and the chamber atmosphere (Figure 6.5) can be expressed using Bernulli’s equation: 
2
2
1
vPPP ach ρ−−=∆  
where Ph is the pressure at one generic depth z = h in the soil; Pc is the pressure at the 
enclosed soil surface; ρa is the air density and v is the velocity of air circulating inside the 
chamber close to the soil-air surface.  
 
φf
Ph
G. L. Pc
v
h ∆P
 
Figure 6.5. Schematic illustration 
of the additional gas flux (φf) from 
the soil to the chamber due to air 
circulation in a continuously-
monitored chamber. For the 
symbols see the text. 
Marco Camarda – PhD Thesis 
                                                                                                                                                          
 
 47 
This equation shows that the difference in pressure is proportional to the velocity of air 
circulating inside the chamber. Furthermore this pressure difference increases as a function of 
the natural pressure gradient (Ph-Pc) which is fixed by the imposed flux. Moreover, the 
advective flow φf of soil gas forced into the chamber by the pressure difference can be 
expressed using Darcy’s equation: 
hvPPK
h
PK
achf 





−−=
∆
=
2
2
1 ρ
µµ
φ
 
where k is the soil permeability and µ is the viscosity of the gas sucked out from the soil. 
Therefore, this equation shows that the amount of additional gas sucked out from the soil into 
the chamber depends on soil permeability (k), on the pumping flux (which determines the rate 
of air circulation in the chamber) and on the imposed flux (which regulates the magnitude of 
the pressure gradient in the soil below the enclosed area). This effect is always present in the 
system, but it increases as a function of the pumping flux and of the imposed flux. As shown 
by the data discussed here, the additional advective CO2 flow is able to cause an 
overestimation of the measured flux only at high permeability and at high imposed flux 
(
2COJ > 3000 g m
-2
 day-1), whereas in other experimental conditions this effect is smaller and 
it is overcome by the other sources of error.  
In conclusion, the experimental results discussed here highlight that measurements of 
soil CO2 flux effected using the accumulation chamber method are affected by several 
different types of error. Some of these are causal and are due to the difficulties in assessing 
the tangent at t = 0. Other errors are systematic and depend on the real volume of the system 
and on an additional advective CO2 flow from the covered soil matrix induced by air 
circulation in the chamber. The magnitude and sign of the errors depend on soil permeability, 
on the imposed flux and on the pumping flow.  
 
6.3 Comparison between the dynamic and the accumulation method 
A comparison between the CO2 flux measurements performed in Vulcano using both 
the dynamic method (DM) (chapter 4) and the continuously-monitored accumulation chamber 
method (CM) has been reported in a recent paper written by Carapezza and Granieri (2004). 
The flux measurements discussed in this work were performed simultaneously in the same 
sites, employing both methods, with the aim of investigating their limits and advantages. We 
will discuss these data here, also taking into consideration the information acquired in this 
thesis concerning these methods.  
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The CO2 flux values measured with the accumulation method (from Carapezza and 
Granieri 2004) are reported in the second and the third columns of Table 6.3, respectively. As 
discussed by Carapezza and Granieri (2004), the reported dynamic fluxes were calculated in 
agreement with equation (4.1) (old calibration) while the accumulation measurements were 
calculated in accord with equation (6.8). Unfortunately, Carapezza and Granieri (2004) do not 
state clearly whether or not the probe used on the island of Vulcano to perform flux 
measurements with the dynamic method was the same as that used during the 1988 
experiment (Gurrieri and Valenza, 1988) or if it was a similar probe. Had it been a similar 
probe, several unknown errors may have affected the flux measurements performed in line 
with equation (4.1) (pag. 17). Consequently the comparison between the dynamic and 
accumulation method performed by Carapezza and Granieri (2004) in their paper does not 
appear to be appropriate. It is also possible that the probe used by Carapezza and Granieri 
(2004) was the same as that described in Chapter 4 (pag. 17), which has been under 
experimentation for several years. Therefore, in the fourth column of Table 6.3 we have also 
reported the flux values measured with the dynamic method and calculated according to 
equation (4.9) (new calibration).  
 
n. 
JCO2 DM(1) 
(g m-2 day-1) 
JCO2 CM 
(g m-2 day-1) 
JCO2 DM(2) 
(g m-2 day-1) n. 
JCO2 DM(1) 
(g m-2 day-1) 
JCO2 CM 
(g m-2 day-1) 
JCO2 DM(2) 
(g m-2 day-1) 
2 167 85 44 29 10 4 3 
3 610 95 183 30 13 5 4 
4 6,135 624 1,588 32 13 3 4 
6 55 14 16 33 42 19 10 
7 131 21 36 34 13 1 4 
8 64 21 16 35 42 32 10 
9 48 16 11 36 42 24 12 
10 135 33 37 38 64 18 20 
12 161 96 46 39 70 29 17 
14b 255 47 66 41 10 9 2 
15 225 51 60 42 10 8 3 
16 691 52 169 44 276 85 85 
17 32 15 9 45 19 12 5 
19 70 94 17 46 151 85 41 
20 51 82 14 47 83 20 23 
21 35 18 8 80 13 11 4 
22 13 18 4 81 48 35 14 
23 19 21 5 83 31 17 9 
24 3 4 1 82 51 33 12 
26 6 4 2 84 57 19 17 
27 19 15 6 85 19 14 5 
28 35 15 10 86 295 75 89 
Table 6.3. Flux values measured in the surveyed area. JCO2 CM = CO2 flux values measured with 
accumulation chamber method (from Carapezza and Granieri, 2004); JCO2 DM(1)  = CO2 flux values 
measured with dynamic method (old calibration) (from Carapezza and Granieri, 2004);  JCO2 DM(2) = CO2 
flux values measured with dynamic method (new calibration).  
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The comparison between the dynamic and accumulation flux measurements reported here 
below are to be considered appropriate only if the probe used by Carapezza and Granieri 
(2004) was the same as that used during the 1988 experiment or that described in Chapter 4. 
In Figure 6.6 the accumulation chamber measurements (CM) carried out in the surveyed 
area, are compared with the dynamic flux values (DM) obtained using both the old (yellow 
circles) and new calibration (red circles). In both cases (new and old calibration) a reasonable 
accord is found between the CM and the CM measurements (R = 0.82). Nevertheless, the 
dynamic values obtained from the old calibration are generally always higher than the 
corresponding CM values. On the contrary, more comparable values are obtained with the 
new calibration and moreover, excluding a small number of points, the accumulation 
measurements are always higher than the corresponding values obtained with the dynamic 
method.  
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Figure 6.6. Comparison between flux values measured in 
the same sites with accumulation (CM) and dynamic 
method (DM). Yellow circles = old calibration; red circles 
= new calibration.  
 
The highest discrepancy between these two sets of data is found in the most exhalant sector of 
the surveyed area (point 4, Grotta dei Palizzi). As shown in Table 6.4, the flux values 
measured with the dynamic method (new calibration) range between 185-1,108 g m-2 day-1 
whereas those measured with the accumulation chamber method range between 155-624 g m-2 
day-1. Moreover, the same authors reported the results of several measurements of CO2 
concentration sampled at various depths in soils (see Table 6.4). 
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Table 6.4. CO2 concentration values measured at different depths in soil (from Carapezza and Granieri, 2004). 
JCO2 CM = range of CO2 fluxes measured with the accumulation chamber method (from Carapezza and Granieri, 
2004); JCO2 DM(1)  = range of CO2 fluxes measured with the dynamic method (old calibration) (from Carapezza 
and Granieri, 2004); JCO2 DM(2) = range of CO2 fluxes measured with the dynamic method (new calibration); 
JCO2 (3)  = range of CO2 fluxes calculated using the concentration profile according to the advective–diffusion 
model (equation 6.9).  
 
To understand which of the two sets of flux measurements is more accurate, we compared the 
flux range found by these two methods in this site with that calculated by the soil CO2 
concentration profile according to the one-dimensional advection-diffusion model expressed 
by equation 2.13 (Chapter 2): 








−
−=
1
)(
L
D
v
L
i
e
C
vzϕ
                                                   (6.9) 
where v is the advective flux, D is the bulk diffusion coefficient of the soil (see definition at 
pag. 4), L is the thickness of the soil layer and CL is the CO2 concentration at L depth (in this 
equation we have assumed that the CO2 concentration at the soil-atmosphere surface is equal 
to 0 and we have used a D value of 0.04 cm2·sec-1 which is reasonable for this soil with k = 61 
darcys). The advective flux value v was found by fitting equation (6.9) to  experimental mean 
soil concentration profile (Figure 6.7) measured in the site under investigation by Carapezza 
and Granieri (2004) (see concentration value reported in Table 6.4).  
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Figure 6.7. Mean soil CO2 profile (white circles) measured in site 
4. Red dashed line indicates pure diffusive CO2 profile while the 
blue one indicates advective-diffusive CO2 profile. 
Soil CO2 concentration (%) JCO2 CM JCO2 DM(1) JCO2 DM(2) JCO2 (3) 
n. 
50 cm 75 cm 100 cm g m-2 day-1 g m-2 day-1 g m-2 day-1 g m-2 day-1 
4 22-51 31-68 38-77 155-624 747-4371 185-1108 322-1016 
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As shown in Table 6.4, the range of flux values obtained using the experimental soil 
concentration profile according to the advection-diffusion model (322-1016 g m-2 day-1) were 
higher than those of the accumulation chamber measurements (155-624 g m-2 day-1). Quite the 
reverse, this range of fluxes seems to be more in agreement with the dynamic fluxes (185-
1108 g m-2 day-1) calculated using the new empirical equation (equation (4.9)).  
In conclusion, the results shown here suggest that, although significant differences were found 
in several cases between the absolute flux values measured in the field with the dynamic and 
accumulation method, a reasonable agreement (R = 0.82) does exist between these pairs of 
data. 
Nevertheless, several other aspects characterize the flux measurements performed with these 
two methods. The apparatus employed to measure soil CO2 flux with the dynamic chamber 
method is more complex and more expensive than that used to measure flux with the dynamic 
method. In particular, a complex system of levers and motors (Figure 6.8) is used to move the 
chamber away from the soil area being measured, to ensure that the CO2 concentration inside 
the chamber at t = 0 is close to zero. This system is subject to frequent jamming and needs 
continuous, expensive maintenance.  
 
 
Figure 6.8. Accumulation chamber unit 
employed in the  	

 
   
 
 
Furthermore, a substantial difference exists between these methods: dynamic flux 
measurements are taken at a depth of 45 cm in the soil, while the accumulation measurements 
are taken at the soil-air interface. As shown by Fukuda (1955), the influence of some 
atmospheric phenomena on soil CO2 flux, such as the effect of gusts of wind and that induced 
by atmospheric pressure fluctuations (barometric pumping), decreases with depth. Therefore, 
accumulation measurements taken at the soil-air interface are generally more dependent on 
collar 
chamber 
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atmospheric conditions (Hinkle 1990; Klusman 1993) than flux measurements performed 
with the dynamic method. Often, in the presence of strong gusts of wind, the assessment of 
the tangent at t = 0 when measuring soil CO2 flux with the accumulation method can be more 
difficult and therefore the measurements may not, in some cases, be reliable.  
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Chapter 7 
Field Applications 
Several field applications of the dynamic method have been reported in literature since 
1988 (Badalamenti et al. 1988; Diliberto et al. 2002; De Gregorio et al. 2002; Giammanco et 
al. 1995, 1998). This method has been principally applied to the monitoring of volcanic 
activity and to the study of the relationship between soil degassing and tectonics. Since 1988 
the method has been officially employed in the discrete monitoring of the volcanic activity of 
Mt. Etna (Sicily) and Vulcano. Moreover, since 1998 this method has been used to 
continuously monitor Mt. Etna (Gurrieri and Giudice, 2004).  
In this chapter we will discuss the results of some soil CO2 surveys performed with the 
dynamic method, in volcanic and seismic areas of Sicily (Italy). The first area is the island of 
Vulcano, an active volcano which last erupted in 1888-90, and, at present, is characterized by 
solphataric activity. The second area is the promontory of Capo Calavà (north eastern Sicily), 
an active seismic area. 
7.1 Vulcano Island 
7.1.1 influence of the shallow soil permeability on soil degassing  
Two surveys of both soil CO2 flux and soil permeability were performed in Vulcano 
(Aeolian archipelago, Italy) in April and June 2003. The explored area (Fig. 7.1.) covers about 
2.2 square kilometers and is located on the western flank of La Fossa cone, between the 
isthmus of Vulcanello (to the north) and Grotta dei Palizzi (to the south).  
 
La Fossa
Forgia Vecchia
Il Faraglione
isthmus
Lentia
Grotta dei Palizzi
250m0
N
0 2Km
Sicily
0 60Km
R
 
Figure 7.1. Location of the surveyed 
area in Vulcano. Solid circles indicate 
the location of the measurement sites.  
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Soil permeability and flux measurements were performed in the same 48 fixed 
measurement sites in which soil CO2 flux measurements are periodically carried out for 
volcanic surveillance purposes (Diliberto et al., 2002). The permeability was measured in situ 
by the radial advection method described in the previous Chapter. The flux measurements 
were taken from exactly the same sites as the permeability measurements using the dynamic 
method discussed in Chapter 4, operating at constant pumping flux of 0.8 l min-1, which 
represents a good compromise between speed of measurement and influence of soil 
permeability (see pag. 26). In keeping with this method the exhaled flux was determined 
introducing into equation (4.9) the dynamic concentration and the permeability values 
measured in each site of the selected measurement grid. The results of these investigations are 
reported in Table 7.1. The measured permeability and flux values range between 5 and 74 
darcys and 2 and 2823 g m-2 day-1, respectively.  
The (a) and (b) maps of the Figure 7.2 show the spatial distribution of soil 
permeability measured in the surveyed area in April and June 2003, respectively; in general, 
the most permeable areas are located in the southernmost part of the area (Figure 7.2, Grotta 
dei Palizzi) under investigation. Other deposits characterized by high permeability (> 60 
darcys) are located on the isthmus, the Forgia Vecchia and on the areas of the Il Faraglione, 
and the Lentia. In general, these soils are essentially composed of pyroclastic debris devoid of 
any vegetation. The lowest permeability values (5-30 darcys) were found south of the Lentia 
area where the soils are characterized by a higher degree of cohesion often covered with 
vegetation.  
The Figure 7.2 also reports the flux maps (c and d) showing the spatial distribution of 
the CO2 emissions from the soil. For all field measurements, the highest CO2 fluxes were 
located in the areas of Grotta dei Palizzi and Faraglione, while lower fluxes were recorded in 
the areas to the north of the Grotta dei Palizzi and the area adjacent to the Lentia Complex. 
This distribution seems to reflect regional tectonic structures in the area. The highest exhaling 
areas are aligned along a N-S direction, together with the main fumarolic areas of La Fossa 
crater, the Forgia Vecchia craters, the eastern beach of the isthmus, and the Il Faraglione 
(Ventura et al., 1999).  
Comparing flux and permeability maps it results that high soil CO2 fluxes were found in areas 
with low as well as high permeability values. Furthermore as shown in the Figure 7.3, very 
low numerical correlation was found between the permeability values measured in each 
period and the corresponding values of soil CO2 flux. 
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Table 7.1. Cd, permeability and flux values measured in the surveyed area of Vulcano in April 
and June 2003; the flux values were obtained according to equation (4.9). The permeability 
values are shown in the second and third columns of this table. 
 
 
n. 
Cd (ppm) 
April 2003 
Cd (ppm) 
June 2003 
k (darcys) 
April 2003 
k (darcys) 
June 2003 
JCO2 (g m-2day-1) 
April 2003 
JCO2 (g m-2day-1) 
June 2003 
2 11000 4000 49.4 47.1 200 74 
3 7000 1600 33.2 21.1 137 33 
4 141960 29920 44.0 60.8 2823 524 
6 100 100 24.8 28.7 2 2 
7 600 800 25.7 35 12 15 
8 350 200 39.7 65.5 7 3 
9 1500 800 70.1 71 25 14 
10 800 750 24.1 35 16 15 
11 1000 700 31.9 28.7 20 14 
12 12000 11000 22.0 44.6 249 204 
13 77740 34440 44.0 49.9 1476 629 
14 300 7900 6.3 27.7 7 159 
15 37325 4200 44.0 44.6 698 78 
16 1000 700 52.5 65.5 18 12 
17 600 400 18.8 28.7 13 8 
18 600 450 20.8 23.6 13 9 
19 1500 7000 52.5 60.8 27 122 
20 1200 1200 49.4 35 22 23 
21 1500 1900 41.8 71 28 32 
22 700 200 19.7 25.9 15 4 
23 1500 1200 44.0 56.7 28 21 
24 600 400 25.7 33.6 12 8 
26 500 250 16.7 25.1 11 5 
27 500 300 17.1 21.1 11 6 
28 600 400 20.8 25.1 13 8 
29 1100 900 24.8 36.6 22 17 
30 600 450 12.5 14.9 13 10 
32 300 1200 26.3 22.9 6 25 
33 500 600 60.4 73.4 9 10 
34 150 100 28.4 19 3 2 
35 3200 3200 17.5 60.8 69 56 
36 1000 1100 39.7 28.7 19 22 
38 400 300 24.1 18.5 8 6 
39 1400 1500 63.4 71 24 25 
41 2100 2250 60.1 60.8 37 39 
42 400 850 60.1 31 7 17 
43 600 200 25.7 22.3 12 4 
44 100 700 14.2 17.3 2 15 
45 1400 800 60.1 40.2 25 15 
46 1300 1350 20.8 40.2 27 26 
47 500 700 31.9 36.6 10 13 
48 23660 68000 60.1 60.8 415 1212 
49 1600 8500 18.4 21.1 34 178 
80 100 200 16.4 19 2 4 
81 500 500 17.1 21.1 11 10 
82 1300 1350 49.3 71 24 23 
83 650 500 26.6 31 13 10 
84 800 350 19.2 26.8 17 7 
85 300 400 20.8 56.7 6 7 
86 1000 1700 17.9 21.1 21 36 
Mean 6949 4171 33.0 39.1 134 76 
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Figure 7.2. Permeability (a and b) and flux maps (c and d) of the surveyed area 
of Vulcano. 
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Figure 7.3. Plots of CO2 flux versus k, for each field measurement. A low correlation between measured flux 
and soil permeability was found. 
 
As indicated by these results, the permeability of the upper soil layers seems to have a 
secondary influence on the spatial distribution of diffuse soil gas emissions. The permeability 
of the upper soil could only slightly influence the shape and size of the soil degassing 
anomalies. 
 
7.1.1. Evaluation of the influence of soil permeability on the flux measurements 
performed in the field using the dynamic method 
In Chapter 4 we have shown that accurate measuring of soil CO2 flux using the dynamic 
method can be effected according to equation (4.9), by measuring soil permeability in each 
measurement site and introducing these values into equation (4.9). Consequently, a new 
method of measuring in situ soil permeability was developed (Chapter 5). In this paragraph 
we would evaluate the error committed when soil CO2 flux is calculated for each site using 
the average permeability value of the surveyed area. To this end, in columns four and five of 
Table 7.2 we have shown the CO2 flux values calculated for each site according to equation 
(4.9) and for a constant permeability equal to the mean value found in the selected area for 
each permeability survey (32 and 39 darcys for the April and June surveys, respectively). 
Furthermore, in the last two columns of the same table we have shown the difference (δ), 
expressed as a percentage, between these values and those (second and third columns) 
obtained considering each permeability value measured for each site in the surveyed area 
(fourth and fifth columns of Table 7.1). 
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n. 
JCO2 (g m-2day-1) 
April 2003 
JCO2 (g m-2day-1) 
June 2003 
JCO2 (g m-2day-1) 
 k = 33 darcys 
April 2003 
JCO2 (g m-2day-1) 
k = 39 darcys 
June 2003 
δ (%) 
April 2003 
δ (%) 
June 2003 
2 200 74 215 78 -7 -5 
3 137 33 137 31 0 6 
4 2823 524 2928 587 -4 -11 
6 2 2 2 2 0 0 
7 12 15 12 16 0 -6 
8 7 3 7 4 0 -29 
9 25 14 29 16 -15 -13 
10 16 15 16 15 0 0 
11 20 14 20 14 0 0 
12 249 204 235 215 6 -5 
13 1476 629 1545 676 -5 -7 
14 7 159 6 155 15 3 
15 698 78 733 82 -5 -5 
16 18 12 20 14 -11 -15 
17 13 8 12 8 8 0 
18 13 9 12 9 8 0 
19 27 122 29 137 -7 -12 
20 22 23 23 23 -4 0 
21 28 32 29 37 -4 -14 
22 15 4 14 4 7 0 
23 28 21 29 23 -4 -9 
24 12 8 12 8 0 0 
26 11 5 10 5 10 0 
27 11 6 10 6 10 0 
28 13 8 12 8 8 0 
29 22 17 22 18 0 -6 
30 13 10 12 9 8 11 
32 6 25 6 23 0 8 
33 9 10 10 12 -11 -18 
34 3 2 3 2 0 0 
35 69 56 63 63 9 -12 
36 19 22 20 22 -5 0 
38 8 6 8 6 0 0 
39 24 25 27 29 -12 -15 
41 37 39 41 44 -10 -12 
42 7 17 8 17 -13 0 
43 12 4 12 4 0 0 
44 2 15 2 14 0 7 
45 25 15 27 16 -8 -6 
46 27 26 25 26 8 0 
47 10 13 10 14 0 -7 
48 415 1212 463 1346 -11 -10 
49 34 178 31 166 9 7 
80 2 4 2 4 0 0 
81 11 10 10 10 10 0 
82 24 23 25 26 -4 -12 
83 13 10 13 10 0 0 
84 17 7 16 7 6 0 
85 6 7 6 8 0 -13 
86 21 36 20 33 5 9 
Mean 134 76 139 82 4 7 
Table 7.2. Soil CO2 flux values measured in the surveyed area in April and June 2003; flux values shown 
in the second and third columns were obtained by Cd and permeability measurements reported in Table 
7.1, according to equation (4.9); flux values shown in the fourth and fifth columns were obtained 
according to equation (4.9) and for a constant permeability of 33 and 39 darcys (for April and June 
surveys, respectively). Furthermore in last the two columns of the same table the difference, expressed as 
a percentage of these values and those shown in the second and third columns, are reported. 
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As shown in this Table, the δ value results, for all the field measurements, are always lower 
than 20 %, with a mean value equal to 7 %. This means that the mean error made using the 
dynamic method, if we do not take into consideration the spatial variability of the soil 
permeability found in the surveyed area, is on average equal to 7%.  
Other important considerations can be made by observing Figure 7.4, where two log-normal 
probability plots relative to the June survey are shown. In particular, (a) plot refers to the flux 
values (third column of Table 7.2) obtained using the soil permeability measured in each site 
while the (b) plot refers to the flux values obtained using a mean permeability value of 39 
darcys for each measurement site. Very similar statistical distributions can be recognized for 
both data sets. 
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Figure 7.4. Log-normal probability plots of the soil CO2 fluxes relative to the June survey: (a) plot refers to 
flux values (third column of Table 4.2) obtained considering the soil permeability measured in each site, 
while the (b) plot refers to the flux values obtained considering sites a mean permeability value of 39 
darcys for each measurement. 
 
As discussed by Sinclair (1974), in a log-normal probability plot, changes in slope are 
indicative of separate log-normally distributed populations of data. In each plot of Figure 7.4 
an inflection point at 72% cumulative percentile can be recognized. These points allow us to 
distinguish the presence of 72% of the background population in all cases (population A) and 
28% of anomalous population (population B).  
In Figure 7.5 we have also shown soil CO2 flux maps (e) and (f) of the investigated area 
obtained considering the mean permeability values found in the selected area in the April and 
June surveys respectively. By comparing these maps with the flux maps (c and d) reported in 
Figure 7.2, no significant differences can be seen. Therefore, the results shown here highlight 
that, when CO2 flux is measured using the dynamic method as described in Chapter 4 (with 
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the discussed measurement probe and with a pumping flux of 0.8 l min-1), very small errors 
are committed if we do not take into consideration the spatial variability of the soil 
permeability found in the selected area. Furthermore, in all cases these errors are not high 
enough to cause significant changes either in the statistical or in the spatial distribution of the 
calculated soil CO2 fluxes.  
 
 
 
Figure 7.5. Soil CO2 flux maps obtained with the mean permeability values 
found in the selected area in the April and June surveys respectively 
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7.2. Capo Calavà  
Over the past years, several studies on diffuse soil degassing carried out in volcanic and 
geothermal areas have revealed the existence of a strict correlation between the location of 
soil gas anomalies and the occurrence of active structures (Badalamenti et al., 1988; Baubron 
et al., 1996; Diliberto et al., 2002; Giammanco et al., 1998; Klusman 1993). These are 
described as highly permeable channels able to drive deep gases towards the surface. 
Furthermore, soil degassing can also be used to detect tectonic structures in areas where the 
lack of sufficient field evidence does not allow them to be identified (Ciotoli et al., 1999).  
 
Figure 7.6. Morphological expression of Aeolian-Maltese fault system 
(modified from Lanzafame et al. 1997). The surveyed area is indicated 
in red. 
 
The surveyed area is located on the north east coast of Sicily in the Gulf of Patti, close 
to the Aeolian archipelago (Figure 7.6). As documented by Azzaro et al. (2000) this is an 
active seismic area related to the presence of faults that are aligned from NNW-SSE to NW-
SE. To study the relationships between soil degassing and tectonics, four soil CO2 flux 
surveys were performed in this area in October and November 2003 and in February and 
March 2004. The locations of the measurement sites defined a grid of 430 points (Figure 7.7) 
covering an area of about 12 square kilometers, that includes the towns of Gioiosa Marea, S. 
Giorgio, Patti and Sorrentini (on the South) (Figure 7.7). The steep morphology and the wide 
urbanization of the surveyed area in many cases did not allow for a rigorous uniformity of the 
measurement grid. The study of the relationships between soil degassing and tectonics was 
Gioiosa 
Marea  
Tirrenian sea  
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accomplished by examining the spatial distribution of the measured soil CO2 fluxes in the 
investigated area and by comparing it with the tectonic map of the area.  
 
Figura 7.7. Location of measurement sites. 
 
The results of the four field measurements effected in this area are shown in Tables 7.3 
and 7.4 (reported at the end of the Chapter). The first two surveys were performed in October 
and in November 2003, after a long dry period which had affected Sicily since the previous 
summer, whereas the last two surveys were performed in February and March 2004, during 
the wettest period. As shown by the results of the Cd measurements repeated in two different 
periods (Table 7.5), the Cd values obtained in February and March 2004 are sensibly lower 
than those measured in October and in November 2003.  
 
site Cd (ppm) (October 2003) 
Cd (ppm) 
(February 2004) 
59 2200 300 
60 15000 3000 
96 48000 4000 
97 28000 7000 
104 17000 1900 
109 15000 15000 
119 11000 1000 
Table 7.5. Comparison between Cd values obtained in the 
same sites in two different seasons. 
Gioiosa 
Marea  S. Giorgio  
Patti  Sorrentini  
Tirrenian sea  
 N 
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According to the results shown in a previous paper (Camarda et al., submitted), this 
significant decrease is probably to be referred to the abundant rainfall that fell in Sicily before 
and during this period. 
 
7.2.1 Results 
Figure 7.8 shows the log-normal probability plot of the flux data measured in the area 
under investigation. As discussed by Sinclair (1974), in this type of plot changes in slope are 
indicative of separate population of data. In the graph given in Figure 7.8 two inflection 
points at 20 and 97 cumulative percentile can be recognized. These points allowed us to 
distinguish the presence of three populations of data with log-normal distribution: a low flux 
population A, representing 20% of the entire data set; an intermediate flux population B, and a 
high flux population C, which are respectively 77% and 3% of the entire data set. 
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Figure 7.8.  Log–normal probability plot of log JCO2 measured in the 
surveyed area. Inflection points (black arrows) indicate the occurrence 
of three different flux populations in the surveyed area. 
 
The flux values of population A range between 1-10 g m-2 day-1 which are consistent with 
those typically reported for soil respiration (3.6 - 13.7 g m-2 day-1; Monteith et al., 1964; 6 - 11 
Brown et al. 1971). On the contrary, higher fluxes ranging between 10 and 360 g m-2 day-1 
defined the second population. These values can be explained as a mixing, in different 
proportions, of superficial CO2 produced by biological activity and a deeper CO2 which 
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reached the surface through the abundant structural discontinuities recognized in the surveyed 
area. Flux values higher than 360 g m-2 day-1 (= 2.1·10-6 m3m-2s-1) up to 11400 g m-2 D-1 (= 
5.4·10-5 m3m-2s-1) characterize the anomalous population directly related to the occurrence of 
faults. 
 
7.2.2 Relationship between soil degassing and tectonics 
As discussed before, the surveyed area is characterized by the occurrence of recent seismic 
events (Azzaro et al. 2000) related to the presence of faults that are aligned from NNW-SSE 
to NW-SE. The focal mechanism of the last important earthquake, which occurred in April 
1978 (M = 5.5, Barbano et al. 1978), indicated a normal right lateral motion on a plane 
aligned NNW-SSE. The most recent data (Neri et al., 1991) indicate that in 1985-1989 the 
seismic activity was concentrated along a NNW-SSE trend. According to Lanzafame and 
Bousquet (1997) these faults belong to a greater system named “Aeolian Maltese fault 
system” (Figure 7.9).  
 
Malta
Siracusa
Catania
Etna
Sicilia
Aeolian Islands
PELAGIAN SEA
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-1000 m
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This includes the faults of the Maltese and Hyblean–Maltese submarine escarpment, that 
traverses north-east Sicily and the southern Tyrrhenian Sea, reaching the Aeolian Islands 
(Vulcano, Lipari and Salina). The best known of these faults starts at Capo Tindari (Figure 
7.6) and extends to the island of Vulcano cutting recent sediments on the sea floor (Ghisetti 
1979). The numerous earthquakes which occurred in the past in the ancient village of Gioiosa 
Figure 7.9. The Aeolian-Maltese fault system 
(modified from Lanzafame et al. 1997). The faults 
of the Maltese escarpment are from Cesaro et al. 
(1984), and the faults of the Tyrrhenian margin 
are from Barone et al. (1982). The surveyed area 
is indicated in red. 
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Vecchia (see geological map in Figure 7.10 at Pag. 67), located at about 800 m a.s.l., are also 
ascribed to the activity of these faults. This village was entirely destroyed by the earthquake 
that occurred in 1783 (Ferla, 1985).  
So as to easily visualize the spatial variability of the measured soil CO2 in the surveyed area, 
a contour plot was made using commercial software (SURFER). The contour was generated 
from the logarithm values of the flux data expressed in g m-2 day-1 using the kriging 
algorithm.  
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Figure 7.11. Flux map of the investigated area. Map A was obtained by flux measurements performed 
in October and November 2003. Map B was obtained by flux measurements performed in February 
and March 2004. 
 
In particular, the map shown in Figure 7.11 was obtained by combining the contour generated 
from the data collected in October and November 2003 (map A) and another (map B) 
generated by the only measurements performed in February and March 2004. We prefer to 
Submarine  
gas emissions 
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distinguish the data collected in the contour elaboration, in order to highlight the smaller flux 
anomalies found in the last two surveys. In other words, a contour plot generated from the 
whole data set cannot clearly highlight the smaller but important flux anomalies found in the 
second data set. 
As shown in the map in Figure 7.11, CO2 flux is characterized by wide spatial variability with 
differences up to two orders of magnitude within distances of 250 m. Flux anomalies are well 
aligned along the NNW/SSE direction in the eastern part of the surveyed promontory. These 
anomalies are likely related to the occurrence of a fault system on the NNW/SSE direction 
which agrees with the main orientation of the Aeolian Maltese System. To enhance this 
hypothesis, five CO2 flux profiles were made across this supposed tectonic structure (Figure 
7.12). As shown by profile A-B, the CO2 fluxes measured along this direction are always 
higher than the range of soil respiration rate (yellow area), furthermore they change from 
medium to high anomalous fluxes (orange and red area). These high fluxes suggest that there 
is an uninterrupted presence of faults that fall along this direction. Quite the opposite, in the 
profiles that are perpendicular (C-D, E-F and G-H) and transversal (L-M) to this direction, 
CO2 fluxes change from the range of soil respiration to medium anomalous fluxes. In these 
cases, different flux anomalies can be distinguished (positive peaks). This suggests that along 
these profiles the recognized tectonic structures do not fall along the same direction of the 
examined profiles. Furthermore, the existence of a fault system striking NNW/SSE is in 
agreement with geological data (Ferla et al. 1985), which postulate the presence of an echelon 
fault system along this direction to explain the high apparent thickness (500 m) of the 
“Verrucano” sequences that outcrop in this area (see geological map in Figure 7.10 at Pag. 
69). Furthermore, the recent focal mechanisms suggest that the elevation of the area of 
Gioiosa Vecchia (Mt. Guardia, 820 m a.s.l.) in respect of the plain of Patti can be explained 
by invoking normal right lateral motions along these faults.  
Other important considerations on the relationship between soil gas anomalies and tectonics 
can be made by observing Figure 7.12. We can see that although in some cases the recognized 
flux anomalies are well related to the presence of mapped faults, in several other cases they 
are found in areas where no known faults are mapped. For example, strong anomalies are 
shown in the C-D, E-F and G-H profiles, in correspondence with the occurrence of supposed 
NNW/SSE structures (shown by the pink boxes). Only in the C-D profile is this anomalous 
area related to a known fault striking NE-SW, while in the other cases no known faults have 
been found. This suggests that soil flux surveys can highlight the presence of buried structures 
which are not easily recognized on the basis of the simple superficial features.  
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Figure 7.12. Tectonic sketch of the surveyed area, based on the geological map shown in 
Figure 7.10 (at Pag. 69). The figure also shows five CO2 flux profiles performed along 
different directions. The location of the relative measurement lines are indicated in red. 
The red area in the graphs indicates high anomalous values (population C); orange 
indicates medium anomalous values (population B); yellow, background values 
(population A); the black arrows indicate the intersection with mapped faults; the red 
boxes indicate the intersections between AB direction and C-D, E-F and G-H profiles.  
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Moreover, as shown in Figure 7.12 and in the flux map of Figure 7.11, a good portion of the 
know structures are not related to the presence of detected anomalies and therefore they are 
not “degassing" (as defined by Giammanco et al., 1998). These are probably older structures 
obstructed by the occurrences of mineralizations which have sensibly decreased their 
permeability. Only the recent active structure subject to a continuous strain maintains a high 
permeability and it is “degassing”. The main NNW-SSE orientation of the flux anomalies 
recognized in this area seems to be interrupted sequentially along its extension by a secondary 
group of anomalies having a NE-SW direction. Although these structures are well known 
(Ferla, 1985), their evidence on the base of the spatial distribution of soil gas emissions are 
actually not clear. Furthermore, the high flux anomaly recognized in the south-west sector of 
the surveyed area does not have a definite structural sense.  
In conclusion, the soil flux measurements performed in the investigated area highlight the 
presence, in the eastern sector, of an important tectonic structure having a NNW-SSE 
direction. As shown by the comparison of the flux map with the geological map of the 
surveyed area (Figures 6.5 and 6.6), the recognized NNW-SSE structure is very deep and 
recent and affects both the Paleozoic metamorphic basement (Unità dell’Aspromonte) and the 
most recent sediments that outcrop in the area (outcropping close to Marina di Patti). 
Moreover, the presence of evident submarine gas emissions close to the beach of Fetente 
shows how this structure extends towards the sea. 
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Figure 7.10. Geological map of the surveyed area (modified from Lentini et al. 1999). Several geological 
contexts can be recognized in the investigated area. This area is situated in the northern sector of the Peloritani 
Mountains and is characterized by the outcroppings of the Paleozoic crystalline metamorphic basement (Unità 
dell’Aspromonte). A Triassic sequence in the “Verrucano” facies (conglomerates and arenites) outcrops in a 
tectonic window in the east sector of the area. More recent terrains (Pleistocene–Olocene) outcrop close to 
Marina di Patti. 
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7.2.3 Gas geochemistry 
In order to explain the origin of the fluids which are discharged in the surveyed 
promontory, some soil gas samples were collected in the highest anomalous area. These gases 
were sampled at a depth of 50 cm through a 5-mm-ID Teflon tube connected to a syringe and 
then stored in glass flasks. Also, the submarine gases of Fetente were collected and analyzed. 
The chemical composition of the gases was determined by gas chromatography (Perkin Elmer 
Mod. 8500 instrument), while the isotopic composition of the carbon was measured by direct 
injection of CO2 into the input loop of a Finnigan Mat Delta Plus Mass Spectrometer. The 
obtained results are shown in Table 7.6.  
 
Table 7.6. Chemical and carbon isotopic compositions of the collected gas samples. In the last column the values  
of CO2 fluxes are also reported.   
 
As shown in the triangular plot of Figure 7.13, the samples arrange themselves along a 
line of mixing between atmospheric gases and a CO2- rich member. The N2/O2 ratio in some of 
the samples is sensibly higher than the atmospheric ratio. This can be explained by invoking a 
consumption of O2 throughduring oxidation of the organic matter present in the soil. 
Moreover, two subsets of samples can be recognized, one rich in CO2 (A) and another, poor in 
CO2er one (B). The first subset is composed only of submarine gases and soil samples 
collected in the highest anomalous area (the beach of Fetente). 
 
sample date He (ppm) 
O2 
(%) 
N2 
(%) 
CO 
 (ppm) 
CH4
 
(pmm) 
CO2 
(%) 
δ13C 
(CO2) 
CO2 flux 
(g m-2 day-1) 
CO2 flux 
(g m-2 day-1) 
 P66 27/10/03 ≤ 5 20.3 79.1 6.26 1.35 0.9 n.d 180 14 
 P104 28/10/03 ≤ 5 14.2 79.4 0.91 8.47 6.4 -26.9 438 97 
 Schino 28/10/03 ≤ 5 18.2 79.5 0.5 28.0 2.2 -24.8 1,056 33 
 P252 06/11/03 ≤ 5 17.9 78.9 2.4 ≤ 1 3.3 -22.7 644 50 
 P300 17/02/04 6 20.3 78.8 7.0 2.0 1.1 -20.9 180 17 
 P297 17/02/04 5 18.6 78.8 10.0 ≤ 1 2.6 -22.6 180 39 
 P323 18/02/04 6 16.8 78.2 5.0 0.7 5.0 -20.8 309 76 
 P327 18/02/04 7 18.7 78.2 7.0 1.0 3.0 -19.0 232 45 
 P414 10/03/04 ≤ 5 18.9 79.3 2.0 ≤ 1 2.1 n.d 77 32 
GM 46a 03/10/03 ≤ 5 10.6 47.3 4.1 1.85 42.2 4.2 11,416  
GM46b 19/02/04 7 5.19 29.2 1.0 1.0 65.9 3.7 14,300  
Fe
te
n
te
 
Submarine 
emissions 05/12/03 17.9 0.2 1.2 4.5 6153 97.8 3.6 n.d  
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N2
CO2
O2
B samples
air
A samples
 
Figure 7.13. CO2-O2-N2 ternary plot of sampled gases. The dotted lines show mixing between air and a CO2 rich 
member. 
 
The isotopic signature of the CO2 of these gases ranges between + 4.2 and + 3.7 ‰ 
relative to PDB. These high positive values of δ13C(CO2) of course allow us to exclude an 
organic origin of the carbon dioxide present in these gases. However, high positive values of 
δ13C(CO2) like these are very uncommon in literature and are only found in the calcite of 
carbonatic rocks. Petrological data available for this area indicate the occurrence of different 
layers of marbles in the metamorphic sequences that outcrop there (Unità di Mandanici and 
Unità di Aspromonte). Furthermore, these studies have shown that the δ13C values measured 
in the carbon of these marbles ranges between +2 and +4.7 ‰ and has a mean value of +4 ‰ 
(Censi et al. 1982). These results suggest that the gases discharged in the Fetente area may 
have originated from a hydrothermal system located in the metamorphic basement and fed by 
deeper gases of mantle origin. In this system the interaction between fluids and marbles could 
remobilise the heavy carbon contained in these rocks and thereby modify the isotopic 
composition of the mantle gases (ranging between – 2 and -0.5 ‰ in the Mediterranean area) 
(Capasso et al., 1997) towards more positive values.  
On the contrary, the second subset of data is characterized by lower CO2 concentrations 
ranging between 0.9 and 7%, with δ13C(CO2) values ranging between -19 and -27 ‰ (see 
Table 7.6). These negative values of the δ13C(CO2) suggest a main organic origin of the 
carbon dioxide contained in these gases even if, as previously discussed, the high CO2 flux 
measured in these sites (which are up to two orders of magnitude, than those typically reported 
N2
CO2·10
O2
B samples
air
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for soil respiration) suggest a deeper origin. Table 7.6 reports also the CO2 flux calculated in 
accord to Fick’s first law (equation 2.1) and introducing into it the CO2 concentration values 
measured in the soil gases samples (eighth column of Table 7.6). For this calculation a high 
values of bulk diffusion coefficient (D) equal to 4.5⋅10-2 cm2 s-1 was utilized (see Table 3.1). 
As can be deducted by comparing these values with that measured with dynamic method, in 
each case a high advective component must be considered in order to justify the measured 
CO2 flux. Therefore, it is possible that a more complex process than the simple superficial 
microbiological activity can be invoked to explain the origin of the carbon dioxide contained 
in these gases. More investigations are needed to clarify this aspect. 
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site Cd (ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) 
1 41000 883 51 2500 37 100 11500 238 
2 800 17 52 1700 25 101 1500 32 
3 100 2 53 1500 22 102 700 15 
4 800 17 54 1000 15 103 28000 594 
5 500 11 55 122000 2716 104 17000 357 
6 500 11 56 70000 1494 105 800 17 
7 100 2 57 500 11 106 4500 95 
8 100 2 58 3500 75 107 1600 34 
9 150 3 59 2200 48 108 1000 22 
10 100 2 60 15000 323 109 5000 107 
11 50 1 61 1600 34 109b 15000 323 
12 900 19 62 400 8 110 1200 25 
13 500 11 63 1700 36 111 2000 42 
14 200 4 64 100 2 112 500 11 
15 200 4 65 1600 34 113 3000 65 
16 700 15 66 6000 127 114 6500 139 
17 300 6 66b 7000 149 115 8500 187 
18 800 17 67 4500 95 116 1500 32 
19 300 6 68 3250 70 117 6000 127 
20 600 13 69 7000 149 118 3500 75 
21 1000 22 70 2300 49 119 11000 238 
22 300 6 71 4700 100 120 3300 70 
23 100 2 72 5500 117 121 900 19 
24 1400 31 73 1100 24 122 1600 34 
25 2500 53 74 14000 306 123 2200 48 
26 200 4 75 4200 90 124 2500 53 
27 300 6 76 200 4 125 4200 90 
28 1100 24 77 4500 95 126 700 15 
29 50 1 78 3500 75 127 3000 65 
30 50 1 79 800 17 128 3000 65 
31 50 1 80 900 19 129 2200 48 
32 200 4 81 900 19 130 2000 42 
33 600 13 82 1200 25 131 8000 170 
34 700 15 83 500 11 132 1300 27 
35 100 2 84 1600 34 133 5600 119 
36 500 11 85 10000 221 134 1000 22 
37 300 6 86 16000 340 135 9000 187 
38 400 8 87 24000 509 136 3000 65 
39 400 8 88 800 17 137 5200 110 
40 1200 25 89 6500 139 138 2600 56 
41 400 8 90 12000 255 139 10500 221 
42 100 2 91 1400 31 140 1700 36 
43 300 6 92 6000 127 141 1400 31 
44 50 1 93 6500 139 142 9000 187 
45 500 11 94 5500 117 143 1000 22 
46 400000 11400 95 1100 24 144 1000 22 
47 75000 1154 96 48000 1019 145 3000 65 
48 75000 1154 97 3600 76 146 200 4 
49 2000 31 98 48000 85 147 1200 25 
50 1750 25 99 3600 32 148 85000 1868 
Table 7.3. Cd values and relative soil CO2 fluxes measured in the surveyed area in October and November 2003. 
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site Cd (ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) 
149 900 19 199 2000 43 249 5500 117 
150 5500 117 200 800 17 250 200 4 
151 2400 51 201 4200 89 251 11500 244 
152 200 4 202 3800 81 252 25000 533 
153 500 11 203 8000 170 253 8000 170 
154 3500 75 204 3800 81 254 6500 138 
155 2100 45 205 600 13 255 12000 256 
156 1600 34 206 2600 55 256 14000 299 
157 2200 47 207 4800 102 257 5700 121 
158 700 15 208 1300 28 258 12500 267 
159 1800 38 209 3600 77 259 1000 21 
160 1700 36 210 1500 32 260 7000 149 
161 2900 62 211 500 11 261 200 4 
162 2700 58 212 700 15 262 5000 106 
163 600 13 213 1600 34 263 1100 23 
164 6000 128 214 200 4 264 1800 38 
165 5000 106 215 100 2 265 3000 64 
166 7000 149 216 6000 128 266 2600 55 
167 500 11 217 500 11 267 2000 43 
168 1000 21 218 1000 21 268 3500 75 
169 800 17 219 200 4 269 2200 47 
170 6000 128 220 1500 32 270 1000 21 
171 3700 79 221 1100 23 271 6500 138 
172 4800 102 222 1100 23 272 1600 34 
173 8500 182 223 600 13 273 200 4 
174 7000 149 224 2000 43 274 9500 202 
175 2700 58 225 1200 25 275 2000 43 
176 700 15 226 2000 43 276 500 11 
177 4000 85 227 600 13 277 100 2 
178 500 11 228 200 4 278 500 11 
179 2500 53 229 400 9 279 1000 21 
180 2500 53 230 500 11 280 200 4 
181 7000 149 231 700 15 281 500 11 
182 3000 64 232 100 2 282 3250 69 
183 3400 72 233 4700 100 283 2000 43 
184 1400 30 234 1400 30 284 50 1 
185 1300 28 235 1700 36 285 50 1 
186 1500 32 236 100 2 286 50 1 
187 1400 30 237 800 17 287 50 1 
188 5200 111 238 6000 128 288 10000 212 
189 3400 72 239 2200 47 289 500 11 
190 1800 38 240 600 13 290 1300 28 
191 2000 43 241 1000 21    
192 1000 21 242 1600 34    
193 4200 89 243 1100 23    
194 1200 25 244 3500 75    
195 3400 72 245 3100 66    
196 2300 49 246 500 11    
197 1200 25 247 100 2    
198 4500 96 248 100 2    
Table 7.3. Cd values and relative soil CO2 fluxes measured in the surveyed area in October and November 2003. 
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site Cd (ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) site 
Cd 
(ppm) 
CO2 flux 
(g m-2 day-1) 
291 600 13 342 5500 117 393 50 1 
292 50 1 343 300 6 394 600 13 
293 300 6 344 700 15 395 2000 42 
294 3000 65 345 50 1 396 100 2 
295 4000 85 346 200 4 397 400 8 
296 1500 32 347 300 6 398 50 1 
297 7000 149 348 6000 127 399 900 19 
298 4000 85 349 6000 127 400 100 25 
299 900 19 350 1200 25 401 50 1 
300 7000 149 351 12500 272 402 3000 65 
301 3200 68 352 1200 25 403 5000 107 
302 1800 39 353 800 17 404 100 2 
303 1800 39 354 700 15 405 800 17 
304 3800 81 355 2800 59 406 400 8 
305 500 11 356 600 13 407 100 2 
306 500 11 357 800 17 408 300 6 
307 2700 58 358 500 11 409 2200 48 
308 2800 59 359 500 11 410 1300 27 
309 500 11 360 100 2 411 100 2 
310 5500 117 361 600 13 412 6000 127 
311 100 2 362 100 2 413 20000 424 
312 200 4 363 5400 115 414 3000 65 
313 500 11 364 8500 187 415 50 1 
314 50 1 365 5600 119 416 1200 25 
315 4800 102 366 4000 85 417 800 17 
316 2200 48 367 1900 41 418 1200 25 
317 4800 102 368 50 1 419 2500 53 
318 3500 75 369 100 2 420 2000 42 
319 500 11 370 3000 65 421 2300 49 
320 2500 53 371 1100 24 422 700 15 
321 4500 95 372 200 4 423 2200 48 
322 500 11 373 4000 85 424 3700 78 
323 12000 255 374 300 6 425 1400 31 
324 6000 127 375 500 11 426 800 17 
325 800 17 376 50 1 427 100 2 
326 700 15 377 50 1 428 9500 204 
327 9000 187 378 1200 25    
328 400 8 379 100 2    
329 500 11 380 1000 22    
330 1600 34 381 5000 107    
331 4200 90 382 9000 187    
332 2000 42 383 5000 107    
333 400 8 384 3800 81    
334 2100 44 385 5000 107    
335 2500 53 386 1100 24    
336 3200 68 387 1000 22    
337 1300 27 388 5000 107    
338 1900 41 389 3000 65    
339 300 6 390 2000 42    
340 1300 27 391 100 2    
341 400 8 392 4000 85    
Table 7.4. Cd values and relative soil CO2 fluxes measured in the surveyed area in February and March 2004. 
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Conclusions 
 The influence of soil permeability and pumping flux on the soil CO2 flux 
measurements performed using the dynamic method (Gurrieri & Valenza, 1988) was clarified 
by several test performed in this thesis. The data highlights that the measured flux values are 
strictly influenced by soil permeability because this property regulates the amount of CO2-rich 
air that can be sucked out from the soil by the sampling probe. In particular, the laboratory 
results highlight that, when flux measurements are taken at high pumping flux (4-2 l⋅min-1), 
the influence of soil permeability is significant. On the other hand, when flux measurements 
are taken at low pumping flux (0.8 l min-1), smaller differences are observed, especially 
within the range of fluxes usually measured in active volcanoes and geothermal areas. 
Starting from these considerations, we choose to employ a pumping flux of 0.8 l min-1 in 
measuring flux with dynamic method and a new empirical equation for performing careful 
soil CO2 flux measurements as a function of the soil permeability was deduced. Furthermore, 
to measure in situ soil permeability, a new method based on a physical model of gas radial 
advection through porous media was developed in this thesis. The new method was coupled 
with the dynamic method in each measurement site, in order to performe accurate flux 
measurements according to the new empirical equation. However, we would remark that an 
absolute estimate of the total CO2 flux exhaled in an area established by means of field 
methods such as Gurrieri and Valenza’s (1988) method and the accumulation chamber 
method (Baubron et al., 1990; Tonani and Miele, 1991), included a large degree of 
uncertainty, because the values obtained depend on the measurement grid adopted (principally 
location and number of measurements sites) (Diliberto et al., 2002). In contrast, temporal 
variations in soil CO2 flux measured in a fixed sampling grid gives little uncertainty and in a 
volcanic area it can used as an indicator of the evolution of the volcanic activity (Badalamenti 
et al., 1988; Baubron et al., 1991; Sorey et al., 1998; Diliberto et al; 2002). In particular, for 
continuous monitoring purposes, a system based on the dynamic method has numerous 
advantages compared with those based on the accumulation chamber method. As discussed in 
this thesis, the latter is more complex and expensive than the dynamic method. Furthermore, 
flux measurements performed using accumulation chamber measurements, which are taken at 
the surface of the soil, are strongly influenced by atmospheric phenomena (Hinkle 1990; 
Klusman 1993).  
In this thesis we have also discussed the results of several tests performed using the 
accumulation chamber method. Unlike the dynamic method previously discussed, CO2 flux 
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measurements effected using this method are based on a theoretical relationship between soil 
CO2 flux and the rate of increase in the concentration of CO2 inside a continuously-monitored 
accumulation chamber. The results of our tests, which have been discussed at length in this 
thesis, have shown that of errors in measuring CO2 flux with this method do occur. A general 
underestimation up to – 43% has been observed, especially when operating on low imposed 
fluxes and on low permeable soils. Furthermore, other tests have shown that the accuracy of 
the flux measurements performed with this system strongly depends on the pumping rate, 
which causes errors up to 60% when flux measurements are taken at a low pumping flux (0.2 
l min-1). Furthermore, a general overestimation has been found when the measurements are 
taken at high imposed fluxes and with highly permeable soils. According to Gao and Yates 
(1998), overestimation is here explained as the result of an additional gas flux from the soil 
matrix driven by a pressure deficit caused by air flowing into the chamber (Venturi effect). As 
discussed here, this effect depends on soil permeability, on the imposed flux and on the 
pumping rate of the system and it can overcome the other sources of error only when flux 
measurements are taken in highly permeable soils and at high CO2 fluxes. 
The experience acquired during this thesis shows that the difficulties encountered 
inmeasuring gas fluxes from the soil are principally to be referred to unavoidable errors 
introduced by perturbing natural soil properties and degassing states by the act of measuring 
itself. The dynamic method developed in this thesis is based on an empirical relationship 
obtained under known conditions of disturbance caused to the soil. Therefore flux 
measurements obtained with this method are characterized by good reliability. On the 
contrary, the measurements performed by employing the accumulation chamber method show 
that some errors do occur and that they are mainly to be referred to the inadequacy of the 
simple physical model at the base of the flux measurements, which does not take into 
consideration the eventual disturbance caused to the soil by the measurement system. 
Therefore, several rigorous tests like those described in this thesis are needed to check the 
reliability of any flux measurement equipment.  
Several permeability measurements have been performed using the in situ method 
described in this thesis over a large sector of the island of Vulcano (Aeolian Islands, Italy) the 
results of which identified a range of values between 6-80 darcys. The permeability values 
were compared with the soil CO2 fluxes that had been measured at the same site at the same 
time using the dynamic method, according to the new empirical equation. A very low 
correlation between these two parameters was found. This result suggests that the 
permeability of the upper layers of the soil is not the main factor in determining the spatial 
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distribution of soil gas emissions. By comparing a flux survey obtained employing the values 
of permeability measured in each site of the surveyed area with a corresponding survey 
obtained with a constant value of permeability equal to the mean value found in the area 
under investigation, very low differences were observed. Moreover, in each case these 
differences could not have caused any appreciable change in either the statistic or the spatial 
distribution of the soil CO2 flux.  
The results of the soil CO2 surveys performed at Capo Calavà (Golfo di Patti, Sicily) 
indicate the presence of a highly degassing structure that is aligned along the NNW/SSE 
direction in the eastern sector of the area. This degassing evidence is in accord with the 
geophysical and geological data available for this area. The examination of the flux maps 
shows that several mapped faults in this area are not degassing. These are probably old faults 
sealed by mineralization that has sensibly decreased their permeability. On the other hand, 
several recognized flux anomalies are not related to the presence of mapped faults, which 
indicates the presence of some recently buried structures, which cannot be easily recognized 
on the basis of simple superficial observations. However, these are active structures because 
they are degassing. In fact only recent, active structures, subject to continuous strain, maintain 
high permeability and “degassing”. 
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Appendix A 
Solution of steady state advective-diffusion equation 
The general solution of the steady state one-dimensional form of the advective-
diffusion equation (see Chapter 2) is: 
Be
v
DAzC
z
D
v
+=)(                                                   (A.1) 
where the A and B constants are calculated as function of the boundary conditions. To show 
the corretness of this solution we calculed the first and second derivative of this function 
respect to z and subsequently we esplicite them in steady state advective-diffusion equation 
(equation A.2): 
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Replacing the expressions (A.3) in this equation (A.1), we obtain: 
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which show that equation (A.1) is the solution of equation (A.2). 
 
z
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Figure A.1. Sketch of a finite 
porous medium. 
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 A-2 
 
To describe steady state CO2 concentration as function of depth in a finite porous medium of 
tikness L (Figure A.1) we imposed the following boundary conditions: 
0)0( CzC ==  
and 
LCLzC == )(  
wher CL and C0 are the concentration of gas at 0 and L depths, respectively. Under these 
condictions the expression of A and B constants can be easily found: 
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Replacing A and B terms in the (A.1) equation (2.10) (see Chapter 2) is obtained: 
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As discussed in Chaper 2 this equation shows the change of soil CO2 concentration as 
function of depth between two generic sufaces of 0 and L depths respectively.  
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Tabele 3.2. Steady-state values of soil CO2 concentration (express as percent) at various depths and for each imposed CO2 flux. Soil 
permeability , k = 125 darcys. 
 
 
 
 
 
 
 CO2 flux (g  m-2 day-1) 
 
 
21849 18487 14621 9747 6722 4202 3529 3025 2352 1849 1210 504 96 
101 100 100 100 100 100 100 98.7 97.9 94.6 85.2 72.2 42.7 9.5 
96 100 100 100 100 100 99.6 96.6 96.9 91.8 83.8 70.4 40.8 8.6 
81 100 100 100 100 99.2 98.2 94.8 96.1 86.6 78.6 65.8 35.8 8.0 
67 100 100 100 100 97.6 96.3 94.0 93.7 82.3 73.4 59.0 30.5 6.4 
53 100 100 99.5 99.6 94.3 92.8 89.6 89.9 79.2 66.8 51.7 25.1 5.2 
38 100 98.9 98.7 97.3 91.2 89.1 83.1 81.8 67.2 55 40.6 18.8 3.8 
24 98.6 97.6 97.2 95.6 83.6 74.7 70.7 68.4 55.1 39.3 28.6 11.3 2.8 
d
e
p
t
h
 
(
c
m
)
 
9 88.3 84.9 81.2 69.6 61.5 44.5 37.7 34.9 25.1 13.1 11.7 3.8 1.2 
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Tabele 3.3. Steady-state values of soil CO2 concentration (express as percent) at various depths and for each imposed CO2 flux. Soil 
permeability, k = 36 darcys. 
 
 
 CO2 flux (g  m-2 day-1) 
 
 21849 18487 14621 9747 6722 4202 3529 3025 2352 1849 1210 504 96 
101 100 100 100 100 100 100 100 100 100 93.3 85.8 62.2 11.2 
96 100 100 100 100 100 100 100 100 99.0 92.1 81.3 59.8 10.7 
81 100 100 100 100 100 100 100 100 97.6 87.2 75.4 55.0 8.7 
67 100 100 100 100 100 99.1 98.3 97.1 95.0 83.7 71.8 41.6 7.6 
53 100 100 100 100 99.3 97.7 95.1 93.7 91.1 81.3 64.2 36.0 6.2 
38 100 99.3 96.9 99.3 98.1 92.1 93.3 90.9 86.0 68.2 50.2 26.4 4.3 
24 100 98.1 94.5 95.7 90.9 88.5 82.2 77.8 59.8 50.2 33.5 14.7 2.7 
d
e
p
h
t
 
(
c
m
)
 
9 93.3 90.9 87.3 74.2 65.8 59.8 45.5 40.7 37.1 21.5 15.2 5.1 1.3 
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Tabele 3.4. Steady-state values of soil CO2 concentration (express as percent) at various depths and for each imposed CO2 flux. Soil 
permeability, k = 6 darcys. 
 
 
 
 
 
 
 
CO2 flux (g  m-2 day-1) 
 
 
21849 18487 14621 9747 6722 4202 3529 3025 2352 1849 1210 504 96 
101 100 100 100 100 100 100 100 100 100 93.3 85.8 62.2 11.2 
96 100 100 100 100 100 100 100 100 99.0 92.1 81.3 59.8 10.7 
81 100 100 100 100 100 100 100 100 97.6 86.1 75.4 55.0 8.7 
67 100 100 100 100 100 99.1 98.3 97.1 95.0 83.7 71.8 41.6 7.6 
53 100 100 100 100 99.3 97.7 95.1 93.7 91.1 81.3 67.0 36.0 6.2 
38 100 99.3 96.9 99.3 98.1 92.1 93.3 90.9 86.0 69.4 50.2 26.4 4.3 
24 100 98.1 94.5 95.7 90.9 88.5 82.2 77.8 59.8 50.2 33.5 14.7 2.7 
d
e
p
h
t
 
(
c
m
)
 
9 93.3 90.9 87.3 74.2 65.8 59.8 45.5 40.7 37.1 21.5 15.2 5.1 1.3 
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Tabele 3.5. Steady-state values of soil CO2 concentration (express as percent) at various depths and for each imposed CO2 flux. Soil 
permeability, k = 0.36 darcys. 
 
 
 
CO2 flux (g  m-2 day-1) 
 
 
21849 18487 14621 9747 6722 4202 3529 3025 2352 1849 1210 504 96 
101 100 100 100 100 100 100 100 100 100 95.7 87.3 62.2 14.4 
96 100 100 100 100 100 100 100 100 99.5 94.5 86.1 60.9 14.0 
81 100 100 100 100 100 100 99.3 100 98.3 92.1 81.3 54.0 11.6 
67 100 100 100 100 100 99.3 98.1 98.1 97.3 88.5 74.4 46.5 9.6 
53 100 100 100 100 98.1 98.1 96.9 95.7 93.3 86.1 69.4 41.0 8.2 
38 100 100 100 100 95.7 95.7 94.5 93.3 88.5 79.0 60.0 33.5 6.5 
24 100 100 96.9 95.3 94.5 88.5 83.7 79.0 71.8 55.0 41.9 19.8 3.8 
d
e
p
h
t
 
(
c
m
)
 
9 95.7 93.3 88.5 81.3 69.4 57.4 52.6 47.9 43.1 33.5 21.5 8.9 1.4 
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Appendix C 
 
Solution of mass-balance equation 
In this Appendix we will show that the equation (4.3): 








⋅−=
− t
V
s
p
s
d
p
eaCtC
φ
φ
φ 1)(
                                               (4.3) 
is a general solution of equation: 
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                                              (C.1) 
In order to reach this purpose we calculate the derivative of Cd(t) and successively we 
substitute equation (4.3) and its derivative into equation (C.1): 
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As shown by the last equation, the equality was verified and so, we have proved that equation 
(4.3) is a general solution of equation (C.1). 
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JCO2  
(g m-2day-1) 
Cd  
(ϕp=4 l⋅min-1) 
Cd 
(ϕp=3 l⋅min-1) 
Cd 
(ϕp=2 l⋅min-1) 
Cd  
(ϕp=1 l⋅min-1) 
Cd 
(ϕp=0.8 l⋅min-1) 
Cd 
(ϕp=0.4 l⋅min-1) Cs (% vol) 
 
21,849 0.280 0.270 0.273 0.340 0.510 0.720 100  
18,487 0.270 0.267 0.260 0.310 0.480 0.640 100  
14,621 0.255 0.252 0.250 0.283 0.412 0.566 99.5  
9,747 0.244 0.237 0.235 0.260 0.350 0.478 98.8  
6,722 0.238 0.226 0.216 0.227 0.310 0.358 95.3  
4,202 0.213 0.200 0.184 0.180 0.210 0.312 87.9  
3,529 0.195 0.183 0.170 0.170 0.185 0.282 83.4  
3,025 0.186 0.174 0.158 0.150 0.175 0.245 80.7  
2,352 0.167 0.156 0.144 0.138 0.143 0.165 67.4  
1,849 0.138 0.131 0.119 0.109 0.111 0.145 53.7  
1,210 0.090 0.080 0.070 0.060 0.066 0.083 39.5  
504 0.044 0.040 0.038 0.030 0.028 0.029 17.7  
96 0.011 0.009 0.008 0.006 0.006 0.006 3.5  
Table 4.1. Cd values express as molar fraction at each imposed flux and for each pumping flux (4, 3, 2, 1, 0.7 e 0.4 l⋅min-1); in the last 
column the concentration values of the gas sucked out from the soil (Cs)  for each imposed flux are also reported. Experimental data shown 
in this table refer to the soil sample S1 (k = 125 darcys). 
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JCO2 
(g m-2day-1) 
Cd 
(ϕp=4 l⋅min-1) 
Cd 
(ϕp=3 l⋅min-1) 
Cd 
(ϕp=2 l⋅min-1) 
Cd 
(ϕp=1 l⋅min-1) 
Cd 
(ϕp=0.8 l⋅min-1) 
Cd 
(ϕp=0.4 l⋅min-1) Cs (% vol) 
21,849 0.274 0.289 0.335 0.495 0.598 0.752 100 
18,487 0.260 0.270 0.300 0.440 0.509 0.655 100 
14,621 0.250 0.250 0.272 0.380 0.453 0.561 100 
9,747 0.240 0.230 0.240 0.300 0.365 0.466 99.2 
6,722 0.215 0.200 0.200 0.237 0.296 0.389 95.8 
4,202 0.195 0.185 0.180 0.200 0.230 0.312 89.2 
3,529 0.180 0.173 0.167 0.185 0.205 0.251 83.7 
3,025 0.167 0.156 0.148 0.157 0.180 0.217 82.4 
2,352 0.130 0.120 0.110 0.106 0.115 0.132 69.2 
1,849 0.100 0.090 0.081 0.076 0.082 0.094 54.2 
1,210 0.078 0.072 0.064 0.057 0.060 0.066 39.8 
504 0.041 0.038 0.033 0.028 0.027 0.029 18.0 
96 0.007 0.006 0.005 0.004 0.003 0.003 3.7 
Table 4.2. Cd values express as molar fraction at each imposed flux and for each pumping flux (4, 3, 2, 1, 0.7 e 0.4 l⋅min-1); in the last 
column the concentration values of the gas sucked out from the (Cs) for each imposed flux are also reported. Experimental data shown in 
this table refer to the soil sample S2 (k = 36 darcys). 
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JCO2 
(g m-2day-1) 
Cd 
(ϕp=4 l⋅min-1) 
Cd 
(ϕp=3 l⋅min-1) 
Cd 
(ϕp=2 l⋅min-1) 
Cd 
(ϕp=1 l⋅min-1) 
Cd 
(ϕp=0.8 l⋅min-1) 
Cd 
(ϕp=0.4 l⋅min-1) Cs (% vol) 
21,849 0.226 0.270 0.382 0.642 0.740 0.850 100 
18,487 0.200 0.226 0.332 0.516 0.650 0.760 100 
14,621 0.174 0.195 0.280 0.400 0.560 0.655 100 
9,747 0.142 0.150 0.185 0.310 0.380 0.435 99.6 
6,722 0.126 0.132 0.161 0.210 0.260 0.320 98.4 
4,202 0.098 0.091 0.100 0.146 0.185 0.280 94.4 
3,529 0.089 0.082 0.089 0.126 0.165 0.223 93.4 
3,025 0.080 0.072 0.081 0.116 0.140 0.190 90.8 
2,352 0.072 0.068 0.070 0.083 0.090 0.102 79.6 
1,849 0.057 0.055 0.058 0.065 0.075 0.082 67.1 
1,210 0.035 0.031 0.031 0.037 0.045 0.069 48.1 
504 0.018 0.016 0.014 0.015 0.018 0.025 24.6 
96 0.003 0.002 0.002 0.001 0.001 0.002 4.0 
Table 4.3. Cd values express as molar fraction at each imposed flux and for each pumping flux (4, 3, 2, 1, 0.7 e 0.4 l⋅min-1); in the last 
column the concentration values of the gas sucked out from the (Cs) for each imposed flux are also reported. Experimental data shown in 
this table refer to the soil sample S3 (k = 6 darcys). 
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JCO2  
(g m-2day-1) 
Cd  
(ϕp=4 l⋅min-1) 
Cd 
(ϕp=3 l⋅min-1) 
Cd 
(ϕp=2 l⋅min-1) 
Cd  
(ϕp=1 l⋅min-1) 
Cd 
(ϕp=0.8 l⋅min-1) 
Cd 
(ϕp=0.4 l⋅min-1) Cs (% vol) 
21,849 0.1820 0.2200 0.3200 0.6000 0.7900 0.8900 100 
18,487 0.1550 0.1900 0.2700 0.5100 0.6600 0.8100 100 
14,621 0.1280 0.1550 0.2110 0.4200 0.5000 0.6300 100 
9,747 0.0840 0.1000 0.1380 0.2600 0.3600 0.4800 100 
6,722 0.0640 0.0760 0.1050 0.1870 0.2400 0.3400 98.4 
4,202 0.0420 0.0510 0.0700 0.1250 0.1600 0.2400 96.8 
3,529 0.0400 0.0470 0.0640 0.1100 0.1500 0.2000 94.3 
3,025 0.0370 0.0420 0.0560 0.0960 0.1280 0.1700 91.8 
2,352 0.0290 0.0350 0.0470 0.0800 0.1160 0.1400 86.2 
1,849 0.0180 0.0200 0.0280 0.0510 0.0700 0.1070 72.4 
1,210 0.0075 0.0090 0.0115 0.0200 0.0280 0.0420 57.3 
827 0.0052 0.0046 0.0062 0.0105 0.0145 0.0195 38.8 
504 0.0037 0.0038 0.0042 0.0064 0.0078 0.0095 30.7 
318 0.0015 0.0014 0.0018 0.0029 0.0039 0.0060 17.7 
96 0.0004 0.0004 0.0005 0.0007 0.0009 0.0012 5.9 
Table 4.4. Cd values express as molar fraction at each imposed flux and for each pumping flux (4, 3, 2, 1, 0.7 e 0.4 l⋅min-1); in the last 
column the concentration values of the gas sucked out from the (Cs) for each imposed flux are also reported. Experimental data shown 
in this table refer to the soil sample S4 (k = 0.36 darcys). 
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